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Preface 


The purpose of this book is to provide an introduction to the basic interactions 
of ionizing radiations in matter and to some of the more immediate physical 
effects of the energy absorbed. The material was assembled from notes for lectures 
given to radiological physics students at the University of Oklahoma Health 
Sciences Center. The mathematical level of the presentation is appropriate for 
upper-level undergraduate students and graduate students. The scope of the 
material is sufficiently broad to be of interest in total or in part to students 
studying in the disciplines of medical physics, radiation biophysics, radiation 
physics, health physics, and nuclear engineering. A good background in calculus 
and in atomic or modern physics is assumed and familiar concepts included 
in most texts on these subject areas are not explicitly introduced. Familiarity 
with topics in advanced electricity and magnetism and advanced quantum me- 
chanics is not necessary. 

Physicists contribute uniquely to advances in radiation science through 
their ability to apply mathematical techniques to the solution of concrete prob- 
lems. Since this ability must be developed, the number of mathematical descrip- 
tions used in the text is substantial. However, the differential equations included 
are elementary, and the developments are usually classical or semiclassical rather 
than quantum mechanical. Approximations in mathematical developments are 
numerous of necessity, since the overall development is intended to reinforce 
conceptual foundations rather than to obtain results with complete generality. 
Review articles and publications at more advanced levels are often referenced. 

Topics covered in this work have been included in a variety of books 
that are already available. Although many of these source works are excellent, 
no single book was found with the particular scope that was desired. Many 
texts available on the subject of radiological physics have been written for radiol- 
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ogy or radiation therapy residents, at least in part. In this case, basic formulae 
are often given without development and with minimal use of differential equa- 
tions and statistical principles. Other texts that deal with dosimetric concepts 
may include a high level of mathematical physics. Many are excellent reference 
works for professionals, but often they are not written with students in mind. 
Furthermore, SI units have not been included in many of the books in ‘print 
and introduction of these units is important in a basic text. 

The scope of the included subjects is broad. Interactions of photons, neu- 
trons, and charged particles are all discussed in some detail. Energy transfer 
is central to our description of all ionizing radiations, and some of the descriptive 
and mathematical techniques can be applied to several different types of radia- 
tions. We intend to include all ionizing radiations of substantial practical signifi- 
cance in these discussions. 

After the introduction to ionizing radiation and definitions of some basic 
terms are given in Chapter 1, the subject headings can be divided into three 
basic categories. Chapters 2 through 4 deal with charged particle interactions 
and energy absorption patterns from charged particle beams. Chapters 5 through 
9 deal with uncharged radiations, specifically photons and neutrons, their interac- 
tions, and relevant energy absorption patterns. 

Chapters 11 through 13 describe excitation, ionization, and de-excitation 
processes for gaseous, liquid, and solid crystalline absorbers. In Chapter 14, 
the effects of radiation on macromolecules present in biological systems are 
introduced. Subjects related to the absorption of ionizing radiation, which would | 
usually be studied in some detail in a complete curriculum built around ionizing | 
radiation, include measurement and detection methods, radiation chemistry,’ 
and radiation biology. Chapters 10 through 14 are intended to serve as connecting 
links between the primary physical interactions and detailed studies in each 
of these related areas. 

I wish to especially acknowledge the work of Garolyn Martel, M.S., for 
the clear illustrations that emerged from my rough sketches. I am indebted to 
Glenda Sims and Phyllis Joseph for expert typing of drafts and help with gram- 
mar and punctuation. Much of my understanding of the part physics has to 
play in an interdisciplinary understanding of the effects of radiation on biological 
systems came during professional association with Gail D. Adams, Ph.D. I 
am very grateful for these contributions and for encouragement from many 
other sources. 


David W. Anderson, Ph.D. 

Director of Radiological Physics 

City of Faith Medical and Research Center 
Tulsa, Oklahoma 
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1.1 Introduction 


The major purpose of this first chapter is to review fundamental definitions 
and discuss basic concepts that will be used extensively in succeeding chapters. 
The material presented here should help bring readers with diverse backgrounds 
to a more common level of understanding before they are thrust into the more 
substantial concepts. Furthermore, it is generally helpful to introduce some 
symbols used for physical parameters in early chapters so the more detailed 
equations presented later are not populated with entirely unfamiliar symbols. 

We define radiation and attempt to delimit ionizing radiation in the next 
section. In Section 1.3 we define the fluence, exposure, kerma, and dose. In 
Section 1.4 we identify radiation quality and discuss energy distributions. 

A secondary purpose of this chapter is to set the perspective for the succeed- 
ing material. The presentations given will certainly be from the point of view 
. of the physicist, but they are intended to be set in the context of biological 
effects and medical applications of ionizing radiation. Examples and problems 
often will be taken from this context. Section 1.5, on radiation action on living 
systems, is included to solidify this point of view in the early going. 


1.2. Directly and Indirectly Ionizing Radiation 


Radiations are electromagnetic waves or atomic and subatomic particles that 
are agents of energy transfer. When radiation is absorbed, energy is transferred 
from a radiation beam to a medium. The energy transfer processes and the 
resulting alterations in the medium are both of interest. Probabilities for total 
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absorption, scatter, and transmission of the energy are important. Usually, con- 
. sideration of these topics leads to delimitation into several types.of radiations. 
Idnizing and nonionizing radiations are two major categories. 

Ionizing radiations are capable of producing a separation of chátge in 
matter by transfer of sufficient energy to overcome the electron-binding energy 
in the atom or molecule. The separation occurs directly or through the production 
of secondary radiations. Thus, the known group of ionizing radiations can be 
subdivided further into two types: 


1. Directly ionizing radiations are charged particles, such as electrons, protons, 
alpha particles, and charged mesons, which ionize by means of the particle- 
to-particle coulomb force. 

2. Indirectly ionizing radiations are uncharged species, such as electromagnetic 
quanta (photons), neutrons, and uncharged mesons, which undergo interac- 
tions releasing energetic charged particles. 


Photons and neutrons release electrons and protons, respectively, in aque- 
` ous media. Of course, each photon or neutron can produce an ionization event 
directly, during the initial interaction. Nevertheless, most of the ionization is 
accomplished subsequent to that event by the charged particle that is released. 
Thus, the name "indirectly ionizing radiation" is derived.. | 

Ionizing radiations differ from nonionizing radiations because they have 
an increased amount of energy available for a single transfer event. Charge 
separation in a molecular system often requires more than 10 eV of transferred 
energy, although the lower limit depends on the particular medium. For particles 
with mass, the kinetic energy must exceed this lower limit. For photons the 
quantum energy must exceed the lower limit for ionization. | 

- The energy cutoff between ionizing and nonionizing radiations is not pre- 
cise, since low-energy radiations may be capable of producing ions in one medium 
and not in another. For some evidence of this fact, refer to Table 1.1, where 
ionization potentials (1) for several molecules are given. The reader will recall 
that the ionization potential is numerically equal to the minimum energy in 
electron volts required to remove an electron from the atom or molecule. Note 
that ionization in НО requires at least 12.6 eV of energy, whereas the energy 
required for № is 15.6 eV and for СН; is 9.3 eV. Thus, radiation КУ сап 
ionize in benzene night not be able to ionize in nitrogen. 


Table 11 Average Experimental Values of Ionization Potentials 


Ionization Ionization 

Molecule | Potential? Molecule Potential? 

ENDE 7: = ee RODA UNES DR = еж 
-H2 15.4 CO: 13.8 
Ne La 15.6 | CH, - 13.0 
О; 4 12.1 C;H, 10.5 
НО 12.6 СН | 9.3 


Data from Ref. 1 
@ Numerically equal to minimum energy to ionize (in eV). 
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IONIZATION PROBABILITY 


RELATIVE 


dissociative 


ionization 
[o и 


104 


3 


10! | 10° 10 


ELECTRON ENERGY (eV) 
Figure 1.1 The ionization probability for electrons increases from zero at the ionization 


potential to a maximum at about 100 eV for common gas targets (2). Dissociation is. 
often concurrent with ionization. iy. 


A large ionization probability is not necessarily indicated whenever the 
available energy exceeds the ionization potential. Consider an example with 
electrons. As Figure 1.1 shows, the ionization probability is very small for elec- 
trons with kinetic energy slightly above the ionization potential of the gases 
considered (2). Ionization events occur frequently only if the electron energy 
is substantially greater than the ionization potential. For the gases shown, the 
ionization probability increases with energy until around 100 eV kinetic energy. 

A process with energy transfer involving only bound absorber states is 
called an excitation. Excitations occur for both ionizing and nonionizing radia- 
tions. When electron removal does not occur but the configuration or state of 
motion of the system is changed because of the additional energy, the molecule 
is said to be excited. Excitation and ionization can occur in the same system 
during-the same event if sufficient energy can be transferred. 

For our purposes it is useful to separate ionizing radiations from nonioniz- 
ing radiations on the basis of their effects on living systems. Chemical bonding 
energies for the molecular constituents of living systems are commonly between 
1 and 8 eV (3), as is shown in Table 1.2. Since energy requirements for ionization 
are generally larger than this, bond cleavage and dissociation often accompany 
the absorption of ionizing radiation in molecules in living systems. Thus, ioniz- 
ing radiations can be the initiators of chemical changes through the production 
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Table 1.2. Bond Energies for Dissociation 


Bond Energy (eV) Bond Energy (eV) 
C—C 35 о-0. d 1.5 
с=с 6.3 O—H 4.7 
С=с 8.6 H—H 4.5 
C—H 4:3 N—N 1.6 
C= GI 3.4 N—H 4.0 
C—O 3.4 г неа 4.4 
С--О | 75% | єс] ' 2.5 


Data from Ref. 3. 


of molecular fragments, especially those with unpaired electrons, called free 
radicals (4). | 

Nonionizing radiations, especially optical radiation and microwaves, can 
cause damage because of their thermal effects (5). Generally, the minimum 
amount of energy required for possible lethal damage to a living cell is substan- 
tially more for a thermal process than for a dissociative free radical process 
(6). It follows that living systems are more sensitive (per unit energy absorbed) 
to the ionizing radiations than to thermally active nonionizing radiations. In 
some measure this sensitivity difference can be attributed to the relatively uniform 
distribution of thermal energy, whereas energy deposited by ionizing radiation 
may be distributed very nonuniformly and localized for maximum effect. 


1.3 Fundamental Quantities 


In the following discussion, suppose that radiation from a generator of some 
kind or a radioactive source passes through a region in space. To fully specify 
the radiation, it is necessary to utilize algebraic concepts relating to quantity 
and quality that can be evaluated in that region. The primary goal of the succeed- 
ing paragraphs is to introduce concepts that can be used to specify radiation 
quantity. Quality will be discussed in Section 1.4. | 

The quantities defined below are macroscopic since they are valid for 
regions containing uncountable numbers of molecules and in principle involve 
averages over large numbers of individual processes. Because of this property, 
statistical fluctuations in the quantities are ignored, and the analytical representa- 
tions are usually considered continuous and differentiable in space and time 
coordinates (7). In Chapter 14 microscopic quantities and fluctuation levels 
will be considered. — | 

The definitions given below generally follow the recommendations of the 
International Commission on Radiation Units and Measurements [ICRU (7)]. 
The International System of Units (SI) will be utilized (8, 9), with length, mass, 
and time specified by meters (m), kilograms (kg), and seconds (5), respectively. 
- Charge is given in coulombs (C) and energy in joules (J). SI units will be 
used in all algebraic relationships given in the following chapters, although 
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graphs and tables may show other units if they are more convenient. A resumé 
of the SI units is given in Appendix 2, in the back of the book. Some traditional 
radiological quantities in common usage, which are not included in this system, 
will nonetheless be defined and used in discussion. | 

It is necessary to answer the question *How much?” to specify the quantity 
of radiation. How much radiation is emitted from an x-ray generator? How 
much radiation is incident on a detector? Since numerical values are often needed, 
carefully defined units are necessary. 

In the following definitions, the term *particles" is meant to include pho- 
tons as well as entities with mass. Furthermore, the definitions of fluence below 
are given in terms of total numbers entering a geometrical volume rather than 
differences between numbers entering and numbers leaving. 

The particle fluence Ф is the quotient of dN by da, where dN is the 
number of particles that enter a sphere with circular cross-sectional area da: 


=— (1.1) 


The energy fluence V is the quotient of dE by da, where dE is the sum 
of the energies (exclusive of rest mass energies) of all particles entering a sphere 
with circular cross-sectional area da: 


Y= SS, (1.2) 


' Notice that for these quantities multidirectional incidence of the radiation 
on a spherical surface is considered. Unidirectional beams can easily be treated 
as a special case of multidirectional incidence. The situation is illustrated in 
Figure 1.2. The spherical surface with center at point P is defined as the locus 
of points swept.out by the circumference of the circular area da when rotated 
about an axis in the plane of the circle that passes through the center. The 


Figure 1.2 Тһе radiation fluence is defined 
for multidirectional incidence through a 
spherical shell formed by rotation of area 
da about a bisecting axis. Adapted from 
W. C. Roesch and F. H. Attix, “Basic 
-Concepts of Dosimetry,” in Radiation 
Dosimetry, Vol. I, edited by F. H. Attix and 
W. C. Roesch (Academic Press, New York, 
1968). 
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arrows on the figure indicate that many directions o travel are E for 
the radiation. 

Because of the historical significance of the quantity and its common usage, 
' exposure will be defined next. However, it must be noted that exposure is used 
for photons only and must be measured in air. Because of this, it is less fundamen- 
tal than the concept of fluence. 

The exposure X is the quotient of dQ by dm, where dQ is the sum of 
the electrical charges of one sign on all the ions produced in air when all the 
electrons liberated by photons in a volume of air of mass dm are completely 
stopped in air: 


Хх=== | (1.3) 


Exposure in SI units is given in coulombs per kilogram. The roentgen (R) is 
the special unit of exposure and is defined such that. 


1 R=(2.58)10-4 C/kg (14) 


Several comments on the definition of exposure are worthwhile since appli- 
cation of the concept is not as simple as might first be assumed. The phrase 
*when all the electrons liberated . . . are completely stopped in air" is particu- 
larly important. This means that if exposure is to be measured directly, th 
lateral dimensions of the ion collection chamber must exceed the photon beam 
dimensions at least by the maximum length of the path of any liberated electron; 
Furthermore, the air thickness where photons enter the active volume of the 
chamber must be equivalent to this path length to ensure that ionization produced 
by electrons escaping from the exit side of the volume is balanced by the ioniza- 
tion produced by electrons entering at the front. р 

For high-energy photon beams, the path lengths of the liberated electrons 
become so large in air that huge air ionization chambers would be required 
Гог direct measurement. Table 1.3 shows that the maximum electron range 15 
several meters when the photon energy approaches 1 MeV (10). When the 
ions produced in the chamber are collected at plates, the charge collection 
efficiencies for such large chambers are ШЫ ШУК. less than one, unless very 
large plate voltages are used. 

Of course, ion chambers of convenient size can be applied vtl plastic 
walls are employed (6). Unfortunately, attenuation of the photon beam in the 


Table 1.3 Path Length of Electrons Produced by Photons 


Photon Maximum Compton Maximum Path · 


Energy (MeV) Electron Energy (MeV) | Length in Air (т) 
0.3 0.16 : 0.3 
1.0 0.80 3.0 
3.0 2.76 12.2 
10.0 9.75 40.9 


Data from Ref. 10. 
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plastic entrance wall may introduce significant errors in the response of chambers 
designed for equilibrium at very high energies. Because of the problems outlined, 
the concept of exposure is id applied when photon energies are greater 
than hv = 3 MeV. 

The three quantities, „ЖЕТИП. Т, energy fluence, and exposure, аге 
sufficient for our purposes to specify the incident quantity of radiation. The 
time rate of change of each of these quantities also may be used. Thus, the 
exposure rate is often specified in roentgens per second or roentgens per minute. 
The particle fluence rate, often called the particle flux density, and the energy 
fluence rate, called the intensity, also may be used. 

In a change of emphasis, energy absorbed from a beam of radiation by 
a material medium will now be discussed. The distinction between incident 
energy fluence (or exposure) and energy absorbed in a medium is important 
because radiation effects depend on net quantities absorbed rather than on total 
amounts of radiation incident on a surface. For example, in describing the 
characteristics of the output of a radiation generator, the emitted fluence rate, 
the exposure rate, or quantities derived from these are appropriate. But in a 
discussion of the effects of the radiation on an object that intercepts the beam, 
the amount of energy absorbed per unit volume is more fundamental than the 
fluence or exposure. 

The energy absorbed per unit volume is the physical variable most widely 
used to correlate the amount of radiation with the effects of radiation. This 
does not mean that all other variables can be disregarded. The energy deposited 
per unit length along the track of the radiation is important. Biological damage 
is more substantial when the deposited energy is concentrated in a small region 
instead of being dispersed uniformly. The duration of time involved in delivery 
of the energy (11) is important for living systems, which are capable of repairing 
radiation damage. Other variables such as the overall condition of a living system 
and the size and position of the irradiated region must also be considered. 

Figure 1.3 can be used in the derivation of the expression for absorbed 
energy density. Notice the element of mass m located in a large volume V of 
uniform composition. The element is small and the radiation field can be consid- 
ered homogeneous within it. Particles A and B (as well as many others) are 
assumed to pass through this volume and deposit energy. 

Consider that: 


Ep is the energy imparted to the volume; 
"AE, is the sum of energies (excluding rest energy) of all ionizing radiations 
. that have entered the volume; 
XE is the sum of energies (excluding rest energy) of all ionizing radiations 
that have left the volume; 
> О is the sum of all the net energy released by mass conversion in nuclear 
and elementary-particle reactions in the volume. 


Then, 
Eg ЖЫР ОР Ж Еб (1.5) 
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Figure 1.3 Energy deposited in the element m by particles A and 
B contributes to the dose. Adapted from W. C. Roesch and F. H. 
Attix, “Basic Concepts of Dosimetry,” in Radiation Dosimetry, Vol. 
_I, edited by F. H. Attix and W. C. Roesch (Academic Press, New 
York, 60А 


| 
| 


Suppose m and Ер shrink to the infinitesimals dm and dEp. The tibsorbed 
dose D is the quotient of dEp by dm, where dEp is the mean energy imparted 
by ionizing radiation to a volume element, and dm i is the mass of that volume 
element: 

D=dEp/dm. | б) 


t 


The SI unit of dose is the gray (Gy); another unit used for absorbed dose is | 
the rad (r). The definitions are 


1 Gy=1 J/kg, 1 rad= (1.0)1072 J/kg (1.7) 


Thus, one rad is equivalent to one centigray. 

For indirectly ionizing radiation, another quantity called the kerma is 
often of interest. Suppose that indirectly ionizing radiations produce some num- 
ber of charged particles in the volume element with mass dm. The kerma K 
is the quotient of dEx by dm, where dEx is the sum of the initial kinetic 
energies of all the charged particles liberated by indirectly ionizing radiations . 
in a volume element, and dm is the mass of that volume element: 

K= ФЕк (1.8) 
ат 

The kerma is useful іп mathematical calculations because ionization events . 
that follow the primary interactions need not be considered. It is more easily 


sn т 
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calculated than dose in many situations because spatial distributions of charged 
secondary particles can be ignored. It is virtually equal to the dose if liberated 
charged particles have path lengths that are very small and if emission of electro- 
magnetic energy can be neglected. 


1.4 Radiation Quality 


| In the succeeding paragraphs, the term “quality” will be used in reference to 


; charged-particle beams and neutron beams as well as photon beams. This usage 
]is consistent with a comprehensive viewpoint of radiation science. For our pur- 
poses the radiation quality is specified when the type of radiation and the energy 


E He c are specified. 
: E Radiation quality is significant because it relates most directly to the frac- 


~ 


“ 


tional penetration of radiation through an absorbing object. Thus, the transmis- 


nergies of the photons involved. 
If the particles (quanta) within a beam have a single energy value, the 


quality is completely specified by identifying the type of particles and their 


energy; such radiations are termed monoenergetic. If optical electromagnetic 
radiation is involved, the word “monochromatic” is often used. Strictly speaking, 
truly monoenergetic beams do not exist. The uncertainty principle indicates 
that there is always a finite uncertainty in the energy and that this uncertainty 
is inversely related to the emission time for the radiation source. Within the 
resolution limits of common detection systems, the gamma-ray fluence from a 
radioactive source and the characteristic x-ray fluence from a target can be 
used as though they were composed of discrete monoenergetic photon compo- 
nents. : 
If the radiation beam contains many discrete energies, the average energy 
can be computed as an aid in specifying the quality. If a continuous distribution 
of energies is involved, an average or an effective energy can be obtained. In 
any case, the thickness of an absorber that reduces the beam fluence rate to 
50% of its incident value is called the half-value thickness (HVT). In some 
circumstances the HVT is considered sufficient to specify quality. When needed, 
the effective energy can be estimated from the HVT. These ideas are discussed 
further in Chapter 5. 

Complete specification of radiation quality for complex radiation beams 
requires a specification of the differential distribution of the particle fluence as 


~ а function of energy. A plot of a differential fluence distribution versus energy 


often is called a spectrum. An example of a spectrum is shown in Figure 1.4 
for an x-ray beam (12). The notation Ф(Е), ог АФ(ЕУ/ДЕ, indicates the differen- 
tial distribution in particle fluence as a function of available energy E. This 
quantity is defined so that the particle fluence with energy between E and E 
+ dE is given by $(E)dE. In many instances, the lowercase letter is used to 
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FLUENCE 


PHOTON 


RELATIVE 


20% 10 60 5 80 100 


PHOTON ENERGY (kev) 


Faure 1.4 The spectrum of x rays from a generator contains a continuous distribution 
of photon energies (12). 


indicate the differential distribution’ in some variable and the capital letter indi- ' 
cates the integrated value. For example, 


Ф(Т)= s &(E)dE = =| 2E 20002 dE, (1.9) 


The total fluence A® between some energy fy and a limiting energy 7% is 
given Ру 


T 
АФт,т»„= ЈА à $(E)dE (1.10) 


Distributions for photon beams often are given in terms of the gpantum energy 
hv rather than E as the variable. 

The other quantities mentioned, such as the HVT and the average energy, 
can be calculated (in principle) if the radiation spectrum is known. Generally, 
the average values are obtained from the differential distribution by integration. 
For example, the penes energy (E) between Ті and Т» is given by © 


ЈЕ EQ(E)dE 
(pL i (1.11) 


| . Ф(Е)аЕ 


| 
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1.5 Radiation Action on Living Systems 


In succeeding chapters only the physical processes involved in the absorption 
of radiation will be discussed in detail. Nevertheless, the intent is to present 
the material in the context of the possible biological effects of ionizing radiations. 
In this context, pertinent physical events are viewed as a part of a complete 
picture of larger proportions rather than in isolation. Some of the chemical 
and biological ramifications of physical absorption processes are indicated briefly 
in the following paragraphs to facilitate such a perspective. 

A schematic representation of this larger picture is given in Figure 1.5. 
Suppose that the beam of radiation, in this case x rays or neutrons, is incident 
on a living system. The boxes indicate stages in a time sequence; the arrows 
indicate particles or molecular species present during the sequence. As an exam- 
ple, suppose x-ray photons undergo scattering or absorption reactions in the 
first stage, and fast electrons are produced. The electrons dissipate their kinetic 
energy in a variety of ways. Most of this energy results only in increased thermal 
agitation, which raises the temperature of the system slightly. Less numerous 
but more important processes produce molecular dissociation and thereby may 
cause permanent changes in the chemical structure of the molecular constituents. 
These chemical changes may prove harmless, or they may manifest themselves 
in biological damage. | 


x Free 
Basic Charged | Collisional| Radicals | Chemical | Altered. | Biological 
Radiation | Interactions | particles | Processes |. Reactions | molecules| Effects 


Secondary 


Radiation 


Tertiary Thermal 


Radiation Agitation 


Figure 1.5 The sequence of the action of radiation on living systems is represented 
schematically, with boxes indicating important stages. 
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The physical processes are more complex when scattering produces second- 
ary indirectly ionizing radiation or when some of the kinetic energy of the 
charged particles is reconverted into electromagnetic energy as bremsstrahlung 
or characteristic radiation. This radiation is then cycled through the, sequence 
again. Thus, many individual interactions at many sites may be required to 
degrade completely the energy of the initial photon or neutron. 

Platzman (13) has discussed the action of radiation on living systems in 
terms of specific stages that are related in some ways to the sequence shown 
in Figure 1.5. In the physical stage, the primary processes are initiated and 
the energy carried by the radiation is distributed among the molecular constitu- 
ents. Excited molecules are formed in a nonuniform spatial distribution. In 
the physiochemical stage, some of the unstable excited molecules undergo de- 
excitation processes, bond dissociation occurs, and electrons are thermalized. 
The chemical stage occurs after thermal equilibrium has been attained, and 
during this stage most free radical reactions occur. During the biological stage, 
the organism as a whole must respond to the chemical changes that have oc- 
curred. | 

“Boag (14) has estimated the time intervals for the sequence of radiation 
processes. Figure 1.6 is an illustration of similar events for millimolar concentra- 


EXCITATION PROCESSES 


electronic vibrational rotational 
B — — ——> 


| 
DE-EXCITATION PROCESSES 


dissociation luminescence 
== 


HYDRATED ELECTRONS | 


‘thermalization trapping | 


RADICAL REACTIONS 


radical solute 


ЕТ Oh =й = -12 ~-n -ю , -9 -R -? -6 
LOGARITHM OF TIME IN SECONDS 


Figure 1.6 The passage of а 1-MeV electron through a solute molecule in а water 
solution can initiate a complex sequence of events. A typical time scale is shown. Adapted 
from Ref. 14. | 
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tions of solute molecules in a water solution at room temperature. Assume 
that a 1-MeV electron passes through the molecule of interest from time zero 
to about 10717 s; the arrows extend through the appropriate elapsed times for 
the molecular processes. Included are electronic, vibrational, and rotational pro- 
cesses. The electronic excitation interval is very short, whereas rotational motions 
are the slowest. Notice that molecular dissociation occurs simultaneously with 
vibrational excitation for the most part and that luminescence can occur as 
early as 1079 s after the initial stimulus (fluorescence) ог be much delayed 
(phosphorescence). These processes are basically physical in nature. 

—. At the lower part of Figure 1.6, the processes more closely associated 
with the chemical stage are shown. Note that the electrons that were set free 
in the solution may be trapped and form a species called the hydrated electron, 
еза. The hydrated electron is a combination of several water molecules loosely 
held to the electron because of the strong electric dipole moment of the water 
molecules. As shown in the figure, reactions of the free radicals occur after 
most of the physical processes have run their course. 


1.6 Problems 


1. Convert the energies given in Table 1.2 into units of kilocalories per mole, 
which are often used in chemistry texts. 

2. Estimate the lower limit imposed by the uncertainty principle for the time 
involved for an ionization from an outer shell of a water molecule. Use the 
ionization potential for a gross estimate of the energy uncertainty. 

3. Estimate the time involved for ionization in hydrogen by calculating the 
time for a 100-eV. incident electron [with maximum ionization probability 
(Figure 1.1)] to cross the atomic diameter. 

4. Refer to Figure 1.6. Why is the dissociation time similar to the vibrational > 
excitation times? Why is the trapping time for the hydrated electron similar 
to rotational excitation times for the molecules? 

5. Prove that the definition ІК = 2.58 X 107“ C/kg is equivalent to the statement 
1 R — 1 esu/cm? at standard conditions of temperature and pressure (esu 
stands for electrostatic units). 

6. a) How many ion pairs are produced in 1 cm? of air at standard conditions 

when the exposure is 1 R? 
b) What is the minimum fractional standard deviation expected in ions col- 
lected for a 1-cm? chamber for a 1-R exposure if the collection efficiency 
^. ds 1.00 
7. a) An absorbed dose of 4.0 Gy to the whole body often would be lethal 
for humans. Suppose that the energy equivalent of this dose is distributed 
uniformly in a 70-kg man and that no heat is lost. What temperature 
rise would be expected for the man? The energy equivalent of heat is 
4.18 J/cal. Assume the specific heat is similar to that for water. 
-b) Comment on the importance of the thermal effects of ionizing radiation. 
8. A 2-g piece of plastic receives a dose of 2 Gy. The piece is cut exactly in 
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half. How atch dose did each half get? How much energy did each half 
get? 
9. A photon-beam pulse is sean ad described as a continuous. distribution 
in energy hv (in megaelectron volts) with o(hv)dhv = (10 — 2E)dhv. Calcu- 
| "late the total fluence with hv < 5 MeV, Ф(5), and the average photon energy 
` in the interval O<hv <5 MeV. 


1.7 References 


1. L. G. Christophorou, Atomic and Molecular Radiation Physics (Wiley-Interscience, 
New York 1971), p. 618. 

2. L. J. Kieffer, Joint Institute for Laboratory Astrophysics, Report No. JILA 30, 
Boulder, CO (1965). 

3. K. S. Pitzer, Quantum Chemistry (Prentice Hall, Englewood Cliffs, NJ, 1953), p. 
170. 

4. D. J. Pizzarello and R. L. Witcofski, Basic Radiation Biology (Lea and Febiger, 
Philadelphia, 1967), p. 86. 

5. G. V. Dalrymple, *Microwaves," in Medical Radiation Biology, edited by G. V. 
Dalrymple, M. E. Gaulden, G. M. Kollmorgen, and H. H. Vogel, Jr. (W. B. Saunders, 
| Philadelphia, 1973), р. 262. 

26. Н. E. Johns and J. R. Cunningham, The Aic: of Radiology, 3rd Ed. (Charles 
Thomas, Springfield, IL 1969), pp. 197, 675. 

7. Radiation Quantities and Units, ICRU, Report .33 (International Commission on 
Radiation Units and Measurements, Washington, 1980). 

8. Le Systéme International d'Unités, 3rd ed. казыу Paris, р 

9. Editors, Phys. Med. Biol. 24, 685 (1979). 

10. M. J. Berger and S. M. Seltzer, “Tables of energy Lo and ranges of electrons 
and positrons," in Studies in Penetration of Charged Particles in Matter, Publication 
1133, (National Academy of Sciences-National Research Council, unter 

. 1964), p. 267. 

11. Е. Ellis, Clin. Radiol. 20, 1 (1969). _ 

12. G. Drexler and M. Gossrau, Spektren Gefilterter Rontgenstrahlungen für Kalibrierz- 
wecke, Ein Catalog (Gesellschaft Für Strahlen-forschung, München, 1968), p. 36. 

13. R. L. Platzman, "Energy spectrum of primary activations in the action of i ionizing 
radiation," in Radiation Research, edited by G. Silini (North-Holland, Amsterdam, 
1967), p. 20. 

14. J. W. Boag, "The events following primary activations," in Radiation Research, 
edited by G. Silini (North-Holland; Amsterdam, 1967), p. 43. 


2.1 Introduction 
Energy Loss by 2.2 Collisional Energy Loss 
Cross Section 


Heavy Charged 2.3 Stopping Power 


Formulation 


Particles | 2.4 Linear Energy Transfer 


2.5 Restricted Energy 
Transfer Expressions 

2.6 Systematics of Mass 
Stopping Power 

2.7 Problems 

2.8 References 


' Zeal Introduction 


In succeeding chapters the transfer of energy from fast charged particles to a 
material medium will be considered in some detail. This topic is of obvious 
importance when beams of electrons or protons from accelerators or alpha or 
beta emissions from radioactive sources are to be utilized. It is also of general 
importance in radiation science since a complete description of the distribution 
' of energy from beams of photons or neutrons must include a discussion of 
local energy transfer by the liberated secondary charged particles. Thus, concepts 
developed in this and the several succeeding chapters will be widely used later 
оп. 

Table 2.1 shows the important properties (1, 2) of the more common 
particles considered in this chapter. For our purposes the most important heavy 
charged particles are protons and alpha particles, although all other ionized 
nuclear species must be included. Charged mesons are also included, although 
they are not generally considered to be heavy ions. The developments utilized 
in this chapter are generally applicable to both charged mesons and heavy ions 
but are not always applicable to electrons or positrons. 

The list of the interactions of fast charged particles in a material medium 
can be divided into several categories, including both elastic and inelastic pro- 
cesses. In‘an elastic process, the total kinetic energy remains unchanged. Some 
kinetic energy may be transferred from an incident particle to a target particle, 
but changes in the state of the target system that require energy or are precursors 
to photon emission are not allowed. For an inelastic process, the total kinetic 
energy is changed either because of excitations or emission of electromagnetic 


energy or both. 
15 
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Table 21 Properties of Charged Mesons and 
Heavy Particles | 


Name . Charge Mass (и) Mc? (MeV) 
Muon te 0.1134 105.7 
Pion te 0.1498 139.6 
Proton те 1.0073 938.3 
Deuteron +e 2.0136 ` 1875.6 
Triton +e 3.0155 2808.9 
Alpha +2e 4.0015 3727.3 


Data from Refs. 1 and 2. 


Four categories for consideration are: 


1. Elastic processes with electrons or groups of electrons; 
2. Inelastic processes with electrons or groups of electrons; 
3. Elastic processes with nuclei or groups of nuclei; 

4. Inelastic processes with nuclei or groups of nuclei. 


For the first two categories, the incident particles interact via the coulomb 
force with atomic electrons. In the last two categories, the incident particles 
interact with atomic nuclei either through the coulomb force or through the 
strong interaction (nuclear force). i | | 
Fast. charged particles lose most of their energy by processés belonging 

in category 2; ionizations and excitations are particularly important. Elastic 
collisions of charged particles with atomic electrons are dominant when the ` 
particle energy is so small that ionization and excitation are not common (3). 
In the following discussions the term “collisional energy/loss" will refer specifi- 
cally to transfer of energy from a charged particle (о; an atomic electron by 
means of the coulomb force. In this sort of collision, particle-to-particle contact 
is not necessary since the force acts at a distance. | 

/ Several important interactions of charged particles with nuclei will be 
discussed in succeeding chapters. Multiple scattering, due mainly to processes 
in category 3, will be covered in Chapter 4. Bremsstrahlung emission, which 
belongs to category 4, is discussed in the next chapter with electrons. Nuclear 
reactions of heavy charged particles are of some practical importance since 
! they are utilized in the production of radioactive isotopes for research, medicine, 
and industry (4—6) and in the production of neutron beams for radiation therapy 
(7, 8). Nevertheless, because the reaction probabilities are relatively small, they 
will not be specifically considered in these chapters. 


2.2 Collisional Energy Loss Cross Section 


Collisional energy loss has been discussed by several authors (9-11). The most 
. notable early contributions were made by Bohr in 1913 and 1915 (12, 13). 
Later fundamental work was published by Bethe (14-16), Möller (17) and Bloch 
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(18, 19). The expression relating the energy loss per unit length to constants 
of the medium is often called the Bethe-Bloch formula because of the contribu- 
tions by these physicists. The simplified development given in this section and 
the next will be classical and nonrelativistic. More advanced results will be 
discussed briefly in Section 2.5. 

A digression on the concept of the reaction cross section is appropriate 
at this point. Figure 2.1 shows some particles that are incident on the surface 
of a slab of area A and infinitesimal thickness dx. The cylindrical regions repre- 
sent target particles of cross-sectional area о" imbedded in the slab. The number 
of these targets per unit volume is пу. A reaction is said to occur when by 
chance the trajectory of an incident particle falls within the cross-sectional 
area of one of the targets. Suppose ¢ is the incident fluence and аф represents 
the incremental fluence initiating reactions in the slab. Then the fraction of 
particles causing reactions is seen to be equal to the fraction of the total area 
filled by the targets: 


аф dA E (п,Аах)о = _ аф/ф _ db/mdx 
ш” 4 nr сах, с 9^3 d 7 


In Equations 2.1 the cross section is shown to be equal to the quotient 
of the reaction probability per incident particle divided by the number of targets 
per unit area (ndx). However, the concept is sufficiently flexible to allow one 
to focus attention on the targets and define the cross section as the reaction 
probability per target divided by the number of incident particles per unit area 
(ф). Either definition is dimensionally equivalent (т?) and equally valid. 

Опе should realize that the concept of the reaction cross section can be 
applied to situations in which target dimensions are not easily defined. Figure 
2.1 is only schematic. For subatomic targets, the geometrical cross-sectional 
area may have little meaning. The concept of the cross section is useful through 
the abstract definition. 

Reference is made to Figure 2.2 to derive an expression for the cross 
section for collisional energy loss by heavy charged particles. In this figure 


Q.1) 


incident 
fluence 


transmitted 


се Figure 2.1 The concept of 


cross section can be 
understood by considering 
particles incident on a slab 
with area A and thickness 
dx. The target particles are 
presumed to have projected 
cross sectional area о. 
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Figure 2.2 The geometrical parameters necessary to define a collision are illustrated. 
Note that F is the force on the electron, which has mass те. The incident ion with 
mass M is assumed to be positively charged. Closest approach occurs at the origin 
(x = 0). 


. the incident ion is traveling in the positive x direction with speed v and kinetic 
energy T. The net charge on the ion is +ze, where е is the magnitude of the 
electronic charge, and the. value of z is often less than the ion atomic number. 
The incident ion (of mass M) is traveling іп a medium characterized by mass 
density p and atomic density n, atoms per cubic. meter. Z is the atomic number 
of the medium. 

| The incident ion interacts with an atomic electron of charge —e and mass 
me Which is assumed to be located in a cylindrical Shell of radius b, length 
dx, and thickness db. The radius b is often called the impact parameter since 
it represents the smallest perpendicular distance between the incident-particle 
path and the electron. Time t = 0 corresponds to closest approach with x = 
0. The interaction is due to the coulomb attractive force given by 


2 

F = —eE = eEf = | E ar i (2.2) 
Ате | r? 

where E is the electric field surrounding the incident ion and eo is the permittivity 

of free space. Since the force acts on the atomic electron, 7 is the unit vector 

pointing from that electron toward the positive ion.. 

The development we utilize is semiclassical and approximate rather than 
rigorous. However, the resultant expressions show the same basic dependence 
on the parameters as advanced derivations. The following assumptions are neces- 
sary for this development: 


1. Movement of the atomic electron during the collision can be neglected. 

2. The initial energy of the electron in its atomic orbit can be neglected. 

3. Changes in the incident-particle trajectory and speed during a single collision . 
are small. 
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(b) 


Figure 2.3 The components of force оп an atomic electron during a collision are shown 
as a function of time. Side a shows the force in the x direction; side b shows the force 
in the direction perpendicular to the path and radially outward through the electron. 


Under these assumptions. simple impulse expressions can be used. In effect, 
number 1 above requires that collision times be short and that an average electron 
position be utilized. Assumption 3 implies that the incident particle loses its 
kinetic energy in many low-energy loss collisions rather than in a few high- 
energy loss collisions. Under this condition the deviation in the ion trajectory 
is likely to be small during a single collision, since it has a large mass when 
compared to the atomic electron mass. When the incident particle is itself an 
electron, assumption 3 is more troublesome. 

In Figure 2.3 the force F on the electron is shown as a function of time. 
Suppose that the direction perpendicular to the ion path is taken to be positive 
when pointing radially outward from the path and through the electron. Then 
Р, is negative with a magnitude that is initially small. The magnitude increases 
to a maximum at closest approach; it then diminishes as the ion moves on. 
The force parallel to” the ion path in the x direction is negative at first (—x 
direction) and then positive (+х direction). Under the assumptions made, the 
impulse in the x direction for t < 0 cancels the impulse when г > 0. Thus, 
we need only consider the perpendicular component of the force on the electron. 

The increase in electron momentum during the collision, Ap,, equals the 
integral of the impulse over the collision time: 
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^ 2 P2 
Í Еш-| а= Ару | (2.3) 
t1 Py à 
But from Figure 2.2, 
. cos0=b/r, r=b/cos Ө, (2.4) 
t2 Ге 1 ae ze? [t2 cos? 0 

Ap--[ ЈЕ o d=- | | 6 dt=— | dt Q5 
РА. ], 1 9% ty 4те r2 ЫР, 4T €9 t1 b? UE 


Of course, 0 changes with time during the collision: | 


x Абапб) абап0)40 _ 29040 14 2 


t 0-->» = —— = - 2.6 

NG ai бб ша ene >. 229 
After solving for dt in Equation 2.6, | | 

9A Em ux Мет Бад | 
Pa 4trég J -r2 b? Lv cos? 0 | " 

те? (тї? 2262 

i= дад=— 2.7 

E 4T eobv (7. os . 4trégbv Q7) 


In the last step, the collision was assumed to start with the particle at x — 
— (0 = -т/2) and end at x >> +0 (0 = --т/2). Of course, v: must change | 
during the collision since energy is transferred to the electron. Factoring v 
out of the integrand in Equation 2.7 can be justified only when the change in, 
ion speed during a single collision is a very small fraction of the incident speed. 

The energy E transferred from the incident particle to the atomic electron 
is given by 


| 4 / 
2 Р 2 254 254 
pL | .Azet 22е 09 


2те 4m€o] 2m,v?b? > (477 €)? mev? b? 


Equation 2.8 is written under the assumption that the initial electron momentum 
is negligible. Further manipulation yields 


22264 2264 а 
2---------- ----|--- (2.9 
b (4T Eo) m,v? E bab (4T Eo) MeV? | al ' 


"The minus sign means that the energy increases when the impact parameter b 
decreases. For a given incident particle speed and charge, the energy transferred 
is determined by the impact parameter. 


The differential cross section per electron, 402) dE, for transferred 


energy between E and E + dE is easily obtained from Equation 2.9 since 


.  do(E) 2T z?e* d К тес? В 
а ee) о cR RET TA. Ni oo == 
c(E) E dE = |2« bdb| OTI = 227т о g ig 


> 22? ro Mec? % ) (2.10) 
T(T + 2Мс?)/(Т + Мег) | E? | | | 
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In this expression, the classical аго radius ro and the incident particle 
kinetic energy T have been used: 


ГЕ е? = |2] T(T + 2Mc?) (2.11) 
4T €ymec? с (T + Mc?)? ң 


пе classical electron cross-sectional area mro? is included іп Equation 2.10 
should be expected. 
In Equation 2.10 the cross section is shown to depend on the square of 
пе net charge on the incident ion. Actually, an incident positive ion may pick 
up an electron during a collision and at least partially neutralize its charge. 
When the ion speed is high, the net effect of this tendency is not significant, 
since the newly attached electron is usually lost in a succeeding encounter. 
However, when the speed of the ion is comparable to the orbital velocity of 
the atomic electrons, the probability of capture increases concomitantly with 
a decrease in the electron-loss probability (20). Thus, on the average, the net 
positive charge on an incident ion decreases when the speed decreases. Figure 
2.4 shows the dependence of the beam average or effective charge on speed 
for alpha particles and for protons (11). 
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Figure 2.4 The effective charge for protons and alpha particles is reduced 
· at low speed, because of electron attachment (20). 
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Figure 2.5 shows the ionization cross section for atomic hydrogen by 
_ protons (3, 21). For larger values of the proton kinetic energy, the cross section 
is approximately proportional to 1/v? as indicated by Equation 2.10. However, 
when the incident proton speed is comparable to the electron orbital velocity, 
the dependence changes. At these lower energies, the cross section is greatly 
reduced, as is shown in the figure. A decrease in effective charge contributes 
to this reduction. A second cause is the binding energy of the atomic electron, 
which was ignored in the preceding development. Of course, the cross section 
for ionization during a collision must decrease to zero at the ionization potential. 
Figure 2.6 shows the product of the differential ionization cross section 
and the ejected electron energy as a function of energy. The curve is representa- 
tive of data taken with 1.4-MeV protons incident on molecular nitrogen (22). 
The quantity shown on the abscissa depends inversely on the ejected electron 
energy in a limited intermediate energy region. At higher energies the cross 
section falls off very rapidly because the amount of energy transferred in a 
single collision is limited. The maximum energy transferred will be discussed 
in Section 2.3. At lower energies experimental data may be enhanced by second- 
ary electrons. One source of secondaries is the Auger effect, a result of ionization 
from inner atomic shells (23). The peak in Figure 2.6 at about 0.5 keV is an 
Auger peak. The Auger effect is discussed in Chapter 11. 


CROSS SECTION. (10720 m?) 
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Figure 2.5 The ionization cross section for atomic hydrogen by incident protons is 
found to rise to a maximum at a proton energy of about 40 keV (3). 
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Figure 2.6 The product 
1 of the ionization cross 
10 é E 
section multiplied by the 
ejected electron energy is 
10 shown as a function of the 
ejected electron kinetic 
energy for molecular 


E(do/dE) (10-24 m?/molecule) 


0.8 1.6 2.4 3.2 4.0 nitrogen. The incident 
| | proton energy is 1.4 MeV 
ELECTRON ENERGY (keV) (22). | 


2.3 Stopping Power Formulation 


Charged-particle energy loss per unit length is called stopping power. The stop- 
ping power Se for collisional losses for charged particles is defined to be the 
quotient of =21% by dx, where —dT is the average energy lost in traversing a 
distance dx (24), Thus, 


8, = (—dT/dx)¢ (2.12) 


The subscript с indicates that only collisional energy losses are included. 

Equation 2.10 can be used to obtain a stopping-power expression. Consider 
again the cylindrical shell shown on Figure 2.2. The volume d?V of the shell 
is a second-order differential: 


do(E 

zy [знай = 2902 ap a. (2.13) 
dE 

The total number of electrons in the shell is equal to the electron density NyZ 

times ihe shell volume: 


24 о(Е) 
аЕ 


nZ(d*V) = nZ dE dx (2.14) 


2 d 
NyZ ES dx (2.15) 


From. Equation 2.10, 


NyZ(d2V)= 2z?mro? P 
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The product of the total number of electrons in length dx and the energy 
transferred per electron, when integrated over all possible values of transferred 
energy, gives the total energy loss in length dx. Thus, 


= = 2 2 
b ЈЕ 22° Ро гт 
The energy transferred to ап atomic electron рег collision was specifically 
limited in the integration in Equation 2.16 by a maximum value Emax and a 
minimum value Emin. Of course, the maximum value of the energy transferred 
in Equation 2.16 cannot exceed the incident-particle energy. In fact, it must 
be much smaller than this. The minimum value of the energy loss must be 
greater than zero if the energy loss per unit distance is to remain finite. Indeed, 
infinitesimal energy transfers are not possible, since bound electrons that exist 
in discrete energy levels are involved. 

The maximum energy transfer possible in a single head-on insti collision 
can be obtained by applying momentum and energy conservation. Classical 
energy expressions will be used, since the incident particles considered in this 
chapter are assumed to be nonrelativistic (v «€ c) and the energy transferred 
to the atomic electron will be much less than mec?. Since v is the incident 

. ion speed before the collision, we use v' to designate the speed after the collision. 
The electron speed is negligible before the collision but has the value ve after- 
wards. Then, energy and momentum conservation for a head-on collision yields 

1 


1 | 1 / | 1 
2. М0 MO'Y +2 те(ое y Мо = Мъ' + тее (2.17) 


5 = 2 E ; 
Zr ДЕР т2 І а Y шаа) (2.16) 


min 


Eliminating v' by substitution means that 


1 (Мо — mv)? 1 
= 2 == ы ЕЕЕ = ' 2 
z Мо 2M +5 тебе), 
men. FM) а 2, a MO (2.18) 
MeV Ve = 2M (ve )?, Ve -4M 


Тһе maximum electron kinetic energy is 


_ Me(Ve P 2т.М2%2 


Еш (2.19) 
| nd 2 T тү My 
i 
When the heavy-particle limit is taken with M > me, 
Emax = 2mev? = 2m,c? p? |. (220) 


Note that v? is the square of the ion speed and те is the atomic electron 
mass. 

The discrete energy differences between bound electron states in atomic 
or molecular systems must be considered in an estimate of the minimum energy 
transferred, Emin. Since electron binding energies are quite different for different 
shells and subshells, a variety of energy transfer events are possible for any 
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given target. Possible electron transitions for such an atomic system are repre- 
sented on Figure 2.7 by the arrows. The average excitation energy I is the 
average of all such transition energies for a given atomic target when weighted 
by the probability of the transition. 

The minimum energy transferred in a collision can be related to 12 when 


the momentum transferred to the entire atomic system is considered (10, 14— 
16): 


Emin = 12/2 те 2 (2.21) 


Using Equations 2.20 and 2.21 for Emax and Emin and using Equation 
2.16, the result for the stopping power can be written 


nZ In | 


mec? 
B? 


2m,v? 
I 


2 
Se = 22247 ro? | = 4z^mro? 


2 2R2 
тес хы in| ee | 


p? 


T + Mc?) 2 ?T(T + 2 Мс? 
= 42% ет У (2 Мајр М9)? | омео 


T(T--2Mc?) | | KT + Мс) 
In this expression, the atomic density ль in atoms per cubic meter has been 


replaced by an expression involving Avogadro's number of atoms in a mole 
Na, the mass per mole Mm, and the mass density p: 


| (2.22) 


ny =—* p (2.23) 


IONIZATION 
CONTINUUM 


EXCITED STATE 


LEVELS 
Figure 2.7 Some 
possible transitions in an 
ic or molecular 
OCCUPIED atomic or mole 


LEVELS system are indicated by 
arrows originating at 
levels for filled electron 
states. 
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The functional form of Equation 2.22 is appropriate for the variables of interest 

in the nonrelativistic limit. In particular the electron mass me has been incorpo- 

rated into the electron rest energy expression for simplicity in calculation. 
The principle features of the stopping power expression can be divided 


into two parts: 


1. Ion Properties 


The collisional stopping power depends directly on the square of the incident- 
particle net charge. The stopping power depends inversely on the square of 
the speed. In addition, a logarithmic term containing the square of the particle 


speed in the numerator is involved. 


о 
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Sol 12201 25. 1310 
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Figure 2.8 The stopping power for protons in water (25) is shown. 
The stopping power for the K electrons of oxygen contributes very little 
to the total. 
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2. Medium Properties 
The collisional stopping power depends directly on the electron density of 
the absorbing medium. The stopping power depends directly on a logarithmic 
term containing the average excitation energy in the denominator. 


The dependence of the collisional energy loss cross section on particle 
charge and speed has been discussed in Section 2.2. These comments apply to 
the stopping power also. Figure 2.8 illustrates the dependence of the stopping 
power of a proton in water on the inverse of the square of the speed (25). 
The cross section for only the oxygen K electrons is also shown in Figure 
2.8. It is evident that outer-shell electrons contribute greatly to the stopping 
of incident ions. The stopping power due to nuclear collisions is less than 0.1% 
of the value for atomic electrons at most energies (25). 


2.4 Linear Energy Transfer 


The linear energy transfer is a concept closely related to the collisional stopping 
power. It is especially important in applications of radiation to biological systems 
because concentration of the deposited energy is significant in those cases. 

_ The linear energy transfer may be characterized as a restricted collisional 
stopping power (24). The linear energy transfer L4 of charged particles in a 
medium is defined as the quotient of —dT by dx, where dx is the distance 
traversed by the particle and —dT is the mean energy loss due to collisions 
with energy transfers less than some specified value A. Thus, 


L,—(-dT/dx), Е<А (2.24) 


Although the symbol L is often used in algebraic relationships without 
specifying A, note that the definition allows for specification of a cutoff parameter 
^, which is to be evaluated as the largest energy included. Nevertheless, it is 
intended that the energy losses included will be local to the incident ion track, 
because the distance traveled by a liberated electron as it moves away from 
the track is limited by its energy. High-energy liberated electrons, which deposit 
most of their energy far away from the path of the incident particle, make a 
contribution to the stopping power. They make no contribution to the linear 
energy transfer if A is chosen to exclude them. Microscopic biological damage 
is most clearly related to energy density deposited locally around the path of 
an incident particle. Thus, the distinction between linear energy transfer and 
Stopping power is a useful one. 

Specific ionization is another concept often mentioned in context with ^ 
linear energy transfer. The specific ionization i is defined as the number of 
ions produced per unit path length for a given particle. The average specific 
ionization 1 = (i) for a beam of identical particles is related to the stopping 
power for collisional loss by 


5. = WI (2.25) 
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Figure 2.9 The path of an ion is shown, as well as examples of a cluster and a secondary 
short track. Adapted from H. E. Johns and J. R. Cunningham, The Physics of Radiology, 
3rd Ed. (Charles C Thomas, Springfield, Ш., 1969). 


where W stands for the average energy loss per ion pair. W is calculated by 
dividing the total energy loss that occurred in a given path length by) the total 
number of ion pairs produced along that path segment for a number of identical 
ions. The value therefore includes energy lost in excitations as well as ionizations. 
Since W is nearly constant at large ion speed (26), Equation 2.25 can be applied 
directly except near the end of the-path of an ion. T he average energy per ion 
pair is discussed in detail in Chapter 11. | | 
In some circumstances the path of a charged particle can be delineated 
by the ionization events occurring nearby. Thus, emulsions or bubble chambers 
© can be used to detect fast charged particles. Figure 2.9 is an illustration of a. 
charged-particle track. Several secondary groupings are shown on the figure 
in addition to the main track. | 
High-energy electrons that have been liberated from atoms are often called 
delta rays. Delta rays have sufficient energy to produce a path of ionization 


Table 2.2 | Cluster Size and Energy | 
18-keV 440-keV 


Cluster Energy Electrons Electrons 
(eV) (% Energy) (% Energy) 
mM C CAU, ee == 
. 6-100 38 64 
100-500 12 11 
500-5000 (short track) 50 25 


a 


Data from Ref. 27. 
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Figure 2.10 The 
ionization density in and 
around a segment of a 
DNA molecule is 
illustrated for the cases of 
a low linear energy 
transfer particle and a 
high linear energy 
transfer particle. 
Adapted from H. E. 
Johns and J. R. 
Cunningham, The 
Physics of Radiology, 3rd 
Ed. (Charles C Thomas, 
Springfield, Ш., 1969). 


and excitation of their own, a short track. Such a track can be distinguished 
from clusters of ion pairs produced near the path of the primary particle, as 
shown in Figure 2.9. Depending on the choice of cutoff energy A, energies for 
liberated electrons producing short tracks may be excluded from the linear 
energy transfer. Table 2.2 shows some data (27) on relative amounts of energy 
deposited by short tracks in a water medium. It is evident that a substantial 
part of the total energy is excluded if A is set equal to 500 eV or less. 

Figure 2.10 is intended to illustrate why the linear energy transfer is impor- 
tant for biological effects. Suppose the cylinder shown represents the volume 
of a DNA double strand in the nucleus of a cell. A low linear energy transfer 
ion may deposit some energy in the region of the DNA in a single collisional 
loss event, but the probability of depositing a great deal of energy in a single 
pass is very small. A single energy deposition event of this sort probably will 
not cause much permanent damage. However, the high linear energy transfer 
particle is quite likely to severely damage the DNA because so much energy 
is deposited in a single pass. 


2.5 Restricted Energy Transfer Expressions 


A short form of the complete expression (11) for the restricted collisional stopping 
power for heavy ions can be written as 
(T Мс?)? 


Là —2z2?n ro! mec? Na (Z/Mm)p T(T 4 2Mc)) 


C(T,Z,M, A) (2.26) 
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The function C(T,Z,M,A) is given by 


2T(T 4-2Mc?)A/ mc? | А/тес? : 
C(T,Z,M, A) = Ne Ia O тш 
pz S) {in| (Mc?)2(I/mec?)? XT + Mc?)?/(Mc?)? 
| ТОТ +2Мез) 


-6-2М 2.27 
(T+ Me?) | id 
In these equations, the incident particle kinetic energy Т is used as the 
variable in place of В for convenience, / is the average excitation energy, and 
A is the cutoff parameter. When 
E a T(T + 2Mc?) 
А = Amex = 2тес? (Mc)? (2.28) 
the expressions give the stopping power. 
There are four categories for additional factors and correcting terms inside 
the braces in Equation 2.27 that are not given in Equation 2.22. They are: 


1. Factors involving the energy cutoff parameter A; 
2. Relativistic corrections involving Т and Ме?; 

3. Relativistic density effect corrections involving 8; 
4. Electronic shell corrections involving A. 


When the corrections are applied, Equations 2.26 and 2.27 are typically accurate 
to about 1% over a variety of experimental conditions. They are not this accurate 
(9, 10, 11) in the very low velocity regions (T/Mc? < 0.001). | 
The relativistic corrections inside the braces in Equation 2.27 generaliy 
increase the energy loss per unit length at high velocity. These corrections are 
due to well known results from special relativity, such las mass increase of the 
incident particle, as well as considerations involving /momentum transfer by 
virtual photon processes (10). Another relevant relativistic effect is the Lorentz 
contraction of the electric field of the particle, which leads to the density effect. 
The relativistic density effect correction term 6 in Equation 2.27 is included 
for completeness, but it is not important for heavy particles unless kinetic energies 
that are a sizable fraction of the rest mass energy are attained (28-30). In 
brief, the correction occurs because polarization of the medium around the 
incident particle tends to shield its charge. At relativistic speeds the Lorentz 
contraction changes the electric field pattern of the incident particle in a way 
that enhances the effect of the polarization and reduces the energy loss. Thus, 
the density effect term reduces the stopping power at relativistic speeds. The 
relativistic density effect is discussed in more detail in Chapter 3 since it is 
more often significant for electrons. a | 
The shell correction term А is necessary since electrons are in constant 
motion in the atomic system, a fact not included in the development in Section 
2.2. The probability of energy transfer is reduced and that of orbital deformation 
increased when the electron orbital speeds are comparable to the incident particle 
speed. Since the electrons exist in atomic shells, the orbital speeds in the K, 
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L, M shells, and so forth, are separately considered. Thus, the shell correction 
term is often written as 


A= У G/Z, (2.29) 
i 


where the sum is over individual values C; for the various shells (= 1, К 
shell; i = 2, L shell; and so forth). Electron shell effects produce а reduction 
in the calculated stopping power. Values for the adjusted shell correction term 
Ла are shown in Figure 2.11 for two elements (11). The adjusted shell correction 
values (with subscript а) are for use with the adjusted average excitation energy 
denoted Ta, which will be discussed later in this section. 

The average excitation energy J was described briefly in Section 2.3. When 
the average excitation energy is calculated (11, 31), it is usually obtained from 


Z In I= У fao (Е, — Eo) (2.30) 
n 


The subscripts 0 and n denote the ground state and final states, respectively, 
of the target atom with atomic number Z. 

This expression indicates that In J is a weighted average of the natural logarithm 
of the energy difference. The weighting function fno is the summed oscillator 
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Figure 2.11 The adjusted values of the shell correction term are given for two elements. 
The ordinate is the kinetic energy per nucleon (T/A) of the incident ion i divided by 
the atomic number Z of the target t. Adapted from Ref. 11. 
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strength for all electrons in the atom. It is presumed to give the probability 
of occurrence of the particular transition from state O to state n. 
The summed oscillator strength is given by (3) 


2m : s 

"n (En — Eo) | Exi Jon!) 23) 
The stationary state wave functions represent the ground state uo and the final 
state ил of the target atom. The position coordinate of the ith electron is labeled 
Xi. ‚ 


2те 
ТЕГ ата, (En — Eo) 


2 
ux > xito dt | = 
"Nun 


Values of In 1 can be calculated from Equations 2.30 and 2.31. Accurate 
determination of the average excitation energy by this route is difficult since 
the wave functions are not well known except for very light atoms. 

In most cases I is determined from measurements related to the stopping 
power. To accomplish this, all the quantities in Equations 2.26 and 2.27 except 
І, №, and 5 must be evaluated. For heavy-particle stopping powers with A = 
Amax and T/Mc? < 1, the density effect term 6 is negligible and a term In 
I + А will be left. A common practice is to define an adjusted value of the 
average excitation energy Ја and use this quantity with the adjusted value of 

the shell correction term such that 


In 1. tag =In I+, А0, T/Mc?—9 (2.32) 


Under these conditions a recommended set of values of Ја has been given 
(32). They are shown on Table 2.3 for values of Z < 13. For elements with 
Z > 13, the adjusted average excitation energy in electron volts can be calculated 
from (28) 


Г = 9.73Z + 58.877919 (2.33) 


Figure 2.12 is a plot of Ig/Z versus Z. Notice that at large Z values, the 
adjusted average excitation energy is proportional to Z since I,/Z is constant. 
This proportionality was first demonstrated by Bloch (18, 19) and is sometimes 
called the Bloch relationship. 


Table 2.3 Values of 
The Adjusted Average 
Excitation Energy 


Element . (еу) 
Hydrogen 18.9 
Helium 42 
Lithium . 38 
Beryllium 60 
Carbon 78 
Nitrogen 85 
Oxygen 89 
Neon 131 
Aluminum 163 


Data from Ref. 32. 
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Figure 2.12 The adjusted average excitation energy divided by Z is 
shown as a function of the atomic number of the target. 


2.6 | Systematics of Mass Stopping Power 


The mass stopping power S/p is the quotient of the stopping power divided 
by the mass density of the medium: 


. S/p E (-аТ/ах) (2.34) 


Mass stopping power values for collisional losses by incident protons for several 
elements are given in Appendix 6. Interpolation using this table to obtain mass 
stopping power values for elements that are not included and conversion of 
values for atomic materials to those for molecular substances will be discussed 
in succeeding paragraphs. 

As can be seen from Equations 2.22 and 2.26, the stopping power is propor- 
tional to p, the mass density. Thus, stopping power values for the different 
physical states of the same element can be radically different. Furthermore, 
the mass density varies from element to element in the solid state in a manner 
difficult to predict. Because of this, any interpolation for stopping power between 
listed elements will not be very accurate. On the other hand, the mass stopping 
power varies in a more easily predictable manner because the density differences 
have been divided out. Thus, a limited table of mass stopping power values 
can have wide usefulness, and interpolation with reasonable accuracy is possible. 
Because of this, the tables in the Appendixes 6 and 7 give mass stopping power 


values. 
Consider the problem of interpolation between elements when using a 
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mass stopping power table. If the mass stopping powers for two different absor- 
bers are to be compared, different values of Z/Mm, I, №, and б must be considered. 
However, the value of J enters through a logarithmic term that changes slowly. 
Thus, effects of small differences in the argument of this term can usually be 
neglected. Since А and 6 are small quantities, Z/Mm appears to be the most 
significant parameter. For monoisotopic elements the molar mass in -atomic 
mass units is approximately equal to the mass number A of the stable isotope. 
Thus, the ratio Z/A can be considered. | 

The isotopic proton-to-neutron ratio is approximately equal to 0.5 except 
for the case of hydrogen. In heavy nuclei a neutron excess persists, and as a 
consequence, the Z/A value is somewhat less than 0.5. Generally Z/A variation 
from element to element is minimal. Table 2.4 shows some values of Z/A for 
various elements and average proton-to-neutron ratios for important substances. 
Note that the value for Z/A for hydrogen is unity, and thus substances containing 
hydrogen have relatively large average Z/A values. à 

It is evident from Table 2.4 and Equation 2.26 that Z/Mm or Z/A ratios 
can be utilized when interpolating for mass stopping power. For example, to 
find the collisional mass stopping power for element 2 from the known value 
for the neighboring element 1, a good approximation is obtained from 


p/2 (Z/Mm)Np/i — = 
If one must calculate the mass stopping power for a substance containing . 
several elements, Bragg’s additivity rule can be used. Under this rule the mass 


stopping power for the substance is taken to. be equal to the weighted sum) of 
the mass stopping powers of the constituent atoms. Thus, 


S/p = > ei(S/p)i | (2.36) 


Table 24 Atomic-Num- 
ber-To-Mass-Number Ratio 


. Material ^— Z/A 
Hydrogen 1.00 
Helium 0.50 
Carbon 0.50 
Oxygen 0.50 
Aluminum 0.48 
Copper 0.46 
Iodine 0.42 
Gold 0.40 
Lead 0.40 
Water 0.55 
Muscle | 0.56 
Lithium fluoride 0.46 


Air 0.50 


ААА 
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In this expression e; is the fraction by weight of the ith atom in the molecule. 
Equation 2.36 yields very accurate results for high Z constituents. However, 
for light elements a substantial proportion of the total number of electrons 
are valence electrons, and molecular binding will affect their average excitation 
energy and thus the stopping power. Nevertheless, the stopping powers. for 
common organic molecules can be calculated to an accuracy of about 1% if 
the Bragg rule is followed (33). If greater accuracy is desired, one can assign 
an average excitation energy that is specific for the chemical binding configuration 
of the constituent atom in the molecule (34). Values shown in Table 2.5 give 
average excitation energies for several binding configurations for hydrogen, car- 
bon, and oxygen atoms. 


Table 2.5 Average Excitation Energies for 
Atoms Bound in Molecules 


Substance I(eV) 


Hydrogen (gas) . 20.7 


Hydrogen- (saturated compounds) 17.6 
Hydrogen (unsaturated compounds) 14.8 
Carbon (graphite) 78.4 
Carbon (saturated) 77.3 
Oxygen (—O—) 98.5 
Oxygen (О--) 88.9 


Data from Ref. 34. 


2.7. Problems 


1. Evaluate the total.cross section per electron given in Equation 2.10 by 
integrating over all energies between the limits for Emin and Emax given 
in Section 2.3. Show that in the limit when the ion kinetic energy is very 
much larger than the energy of the atomic electrons, the result is inversely 
proportional to 12. Furthermore, show that the result decreases to zero as 
the ion kinetic energy decreases. 

2. Using an equation in the chapter, justify the relationship used in heavy 
particle emulsion studies: 


E; Es 


ах pB? 
where N isthe number of delta rays with kinetic energy between E, and 
. Es per unit length of track, C is a constant, and В = v/c. 
3. For incident protons with energy 1.4 MeV, calculate the maximum energy 
given to an atomic electron under classical assumptions. Relate this value 
to the dependence on Figure 2.6. 
4. Calculate the rate of energy loss of a 2.5-MeV proton in aluminum. Use 
Equations 2.26 and 2.27 with no shell corrections or density corrections. 
Use the 7, value from Table 2.3. 


dN ale > 


36 
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. Amend the calculations of problem 4 by adding the shell correction and 


the effective charge correction. 


. Calculate the rate of energy loss per unit length for a 5-MeV Sod particle 


(239Pu) in water. Use Equations 2.26 and 2.27 and the 1, values from Table 
2.3. Assume Bragg' s rule. 


. Amend the calculation of problem 6 by using values of la Уа Табје 


2957 


. Compute the number of ion pairs: per millimeter of path generated by a 


2.5-MeV proton in water. Assume that the total energy dissipated for each 
ion pair produced is 33.8 eV. 


. Show that 8? = T(T + 2Mc?)/(T + Mc?)?. 
. If the rate of energy loss for а 2.5-MeV proton in graphite of density (2.25)10? 


kg/m? is 32.3 GeV/m, estimate the rate of energy loss in gaseous nitrogen 
of density 1.29 kg/m?. Ignore differences in logarithmic terms. 

If the rate of energy loss for a 2.5-MeV proton in water is 13.8 GeV/m, 
estimate the same quantity for а 10-MeV alpha particle: 
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3.1 Electron and Positron Collisional Energy Loss 


In this chapter both collisional and radiative energy loss processes for electrons 
and positrons will be discussed. We will use the term “electrons” to indicate 
the negatively charged particles with mass (9.1)10731 kg; the term “‘negatron” 
will not be utilized. The positively charged species with identical mass will 
always be referréd to as a positron. 

The description of collisional energy loss for electrons and positrons is 
similar in many respects to the description of energy loss for heavy ions. The 
parameters of the collision and the basic mechanism for energy transfer with 
resulting ionization and excitation of the target atoms is similar for all incident 
charged particles. The terminology used to describe the mathematical expressions 
15 common to all charged particles; stopping power, linear energy transfer, and 
specific ionization are valid eee for electrons and positrons as well as heavy 
ions. 

Unfortunately, the assumptions that were necessary in the development 
of the energy loss cross-section expression in Chapter 2 are often invalid when 
electrons. or positrons are considered. For example, Equation 2.19 can be used 
.to show that it is possible for an incident electron to transmit all of its kinetic 
energy ina single head-on collision with an atomic electron. In fact, collisions 
causing the transfer of a substantial fraction of the available kinetic energy 
are relatively frequent for electrons, and they may involve a substantial change 


in the direction of motion of the incident particle. | 
In this section we will show expressions from quantum mechanical fomula- 


39 


40 Energy Loss by Electrons and Positrons 


tions for the collisional loss cross section and stopping power for electrons 
and positrons. Arguments will be made by analogy to the heavy-ion discussions 
in Chapter 2, but the electron-electron collisional results will.be quoted directly 
from references without any development. It will be apparent that the expressions 
describing electron and positron losses are similar in many ways to ш dese rib- 
ing heavy-particle losses. 

The Möller cross section (1, 2) for energy between E and E+ dE Cord 
to an atomic electron by an incident electron of kinetic energy Т can be written 
as 


ЈЕ 
do(T.E) = an dE 
= 27 ro? тес? Fe у! 1 
T(T +2т,с®)/(Т + mec’)? LE? (T — Ey 
ОТ + mec?)mec? 1 | | 
te ——————— ld E 3.1 
ET + тест E) (T mec? ied 


When E < T/2 4 mec?, the expression reduces to the nonrelativistic form 
first given by Mott (3). It is similar to Equation 2.10 for heavy ions except 
that the expression in the brackets has more terms. However, when 
E < T/2 < тес?, the first term in the brackets dominates and Equation 3.1 
reduces to the form of Equation 2.10. | 

The reasons behind the appearance of the extra terms in the brackets 
are at least twofold. One is that during an electron-electron collision, the ty/o 
emerging particles cannot be distinguished and the electron that leaves with 
the most kinetic energy is usually defined to be the incident electron. Under 
this definition, the maximum energy transferred in a imide collision is taken 
to be T/2, half of the initial electron kinetic energy. | 

Relativistic effects also give rise to complications in Equation 3.1. Relativis- 
tic formulations often are necessary when properties of electron beams must 
be described, but they are often unnecessary in descriptions of energy loss for 
incident heavy charged particles. For example, the rest mass equivalent of a 
proton is about 931 MeV. Protons liberated as secondaries during neutron irradi- 
ation usually have kinetic energy Т < 931 MeV. However, the electron or 
positron rest mass is only 511 keV, and electron beams used in many applications 
have energies comparable to or in excess of this value. Even electrons liberated 
as secondary particles from 9?Co gamma-ray beams сап have kinetic energy 
greater than 511 keV. Thus, accurate descriptions for these electrons must include 
relativistic corrections. 

Figure 3.1 shows some theoretical ionization cross sections for argon ех- 
pressed as a function of the incident electron energy (4). They have been inte- 
grated over all possible energy transfer values. Notice that the cross sections 
for several of the electron shells are shown. The appropriate ionization cross 
section is zero at the binding energy characteristic of each electron subshell 

‘and shows a maximum at about 100 eV for the 3s and 3p shells at least. Of 
course, binding energy effects at low energy are not incorporated into Equation 
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3.1. It is evident from the figure that less tightly bound outer-shell electrons 
contribute more to the energy transfer, since their cross sections peak at higher 
values. In most cases the inner-shell electrons contribute only about 10% to 
the total ionization (5). 

The differential ionization cross section for 2-keV electrons incident on 
nitrogen targets (6) is shown in Figure 3.2 as a function of the energy of the 
liberated electrons. The cross section depends inversely on the square of the 
ejected electron energy, at least in the intermediate energy region. At smaller 
energies the binding energy of the atomic electrons in their parent atoms causes 
· a reduction in the cross section. 

The complete expression for the restricted stopping power for the incident 
electrons and positrons of kinetic energy T' is given by Rohrlich and Carlson 


(7) ав: 
(T + mec?)? 
T(T + 2m,c?) 


2(Т + 22] | 
7 p Ee |. E E (3.3) 
C*(T,Z,N) Е mec? 


Li = 2m ro mec? Na (Z/Mm)p C*(T,Z,4) (3.2) 
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Figure 3.2 The 
ionization cross section 
for a nitrogen target by 
2-keV incident electrons 
is shown as a function of 
the energy of the emitted 

10 - 10: . electron. Adapted from 
ELECTRON ENERGY (eV) Ref. 6. 
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For negative electrons the quantity F^ in Equation 3.3 is 


П + det gf TOA) г 


Nc 


(T + mc??? (mec?) Т-А | 
3: A?/2 + (2T + mec?) тес? In(1 — A/T) | (3.4) 
(T + mc?)? 
For positrons the quantity F* in Equation 3.3 is 
- nfi TA | Kr ш ES Un 
L mec?) (T + mec?) mec? (T + 2mec?) 
M (Т + mec?)(T + 3y,c?)^ — A3/3 
(T + 2mec?)? 
(7+ me?)(T + 3тес®)(А+/4)(т,с®)? — ТАЗ/З + e] m 
(T + 2mec?) | 


The variable J is the average excitation energy and A is the cutoff energy, as 
was the case for heavy ions. Values of Г, shown in Table 2.3 can be used in 
Equation. 3.3. 

For electrons the stopping power (not restricted) can be obtained by setting 


A=T/2 E (3.6) 
For positrons the stopping power (not restricted) can be obtained by setting · 


Ip Г (3.7) 
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Figure 3.3 The ratio of the linear energy transfer to the collisional loss stopping power 
is shown as a function of electron energy (8). The abscissa is the parameter g = A/T. 
Adapted from Ref. 8. 


Figure 3.3 illustrates the effect of A on the energy loss expressions. P, the 
ratio of the restricted collisional stopping power to the total collisional stopping 
power, is shown as a function of g = A/T for several values of electron kinetic 
energy (8). The reduction factor is especially important when the incident-elec- 
tron kinetic energy is small. 

Figure 3.4 shows the electron stopping power in aluminum metal (9). 
| Notice that the maximum stopping power occurs a few electron volts above 


STOPPING POWER (MeV/m) 


~ 102 104 106 
ELECTRON ENERGY (ev) 


Figure 3.4 The stopping power for electrons in aluminum is shown as a function of 
the electron energy above the bottom of the conduction band (9). 
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the conduction band edge energy and the stopping power decreases thereafter 
with increasing energy until the MeV region. Of course, details in the functional 
dependence of the stopping power in metallic aluminum at low energies cannot 
be included in Equations 3.2 through 3.5. Nevertheless, the gross features at 
higher energies are accurately represented by these expressions. Figure 3.4 also 
shows that the collisional stopping power for aluminum increases above 1.5 
MeV. This increase is a relativistic effect since it is contrary to the basic 1/1? 
dependent. 

The variable 8 in Equation 3. 3 is called the relativistic density effect correc- 
tion term. Sternheimer has evaluated the term (10, 11). As was mentioned in 
Chapter 2, the electric field surrounding an incident charged particle induces 
a rearrangement of charge in the absorbing medium. The effect is to displace 
the bound atomic electrons from their parent nuclei along the line of the im- 
pressed field. The net result is the formation of aligned dipoles in the medium. 
This is termed medium polarization. Since the polarization is produced by the 
electric field of the incident particle, it decays away after the charge has passed 
by. The polarization partially neutralizes the effect of the charged particle field 
by screening the charge and thus reducing the stopping powers. 

Medium polarization is most noticeable when target atoms are close to 
the incident-particle trajectory. This means that the effect of the phenomenon 
is more noticeable in solids than in low-density gases. Since the screening is 
dependent on the density of the medium, the stopping power reduction due 
to polarization is often called the density effect. Reductions due to the low- 
energy density effect are included when experimental values of J, the average 
excitation energy, are used. However, one must use values measured for the 
appropriate state of matter. 

At high energies and relativistic speeds, the Lorentz contraction Tus 


Figure 3.5 The pattern of the 
electric field lines around an 
electron e~ with relativistic speed 
v is shown. 
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Table 3.1 Percent Reduction of Collision Energy Loss 
Due to Density Effect 


Electron 

T 
(MeV) Н:4 С А! Си Аи 
0.1 0.0 0.0 . 00 00 0.0 
0.2 0.0 0.4 00 00 0.0 
0.5 0.0 1.2 0.5 0.5 0.0 
1.0 0.0 2.7 1.5 1.5 0.7 
2.0 0.0 4.8 3.4 3.4 2.0 
5.0 0.0 8.5 6.8 6.8 4.9 
10 0.0 11.8 9.8 9.9 7.6 
20 0.0 15.2 13.1 13.3 10.7 
50 0.7 19.5 17.3 17.6 14.9 
100 3.3 22.5 20.3 20.7 18.1 
200 6.6 25.1 23.1 26.6 21.1 
500 10.6, 28.1 26.4 27.0 24.8 
1000 13.4 30.1 28.6 29,2 27.3 


Data from Ref. 8. 
* At normal pressure. 


the electric field pattern of the incident particle as seen in the medium. As 
Figure 3.5 shows, the effective electric field for the incident electron tends to 
concentrate in the plane perpendicular to the velocity rather than maintaining 
the usual isotropic distribution. This change in pattern increases the effect of 
screening due to polarization. The correction term 6 present in Equation 3.3 
is due to this relativistic density effect. Table 3.1 gives some data for percentage 
stopping power reduction due to the relativistic density effect (8). 

The term A in Equation 3.3 is due to shell corrections. Shell corrections 
were discussed in Chapter 2 for incident heavy ions. The shell corrections occur 
because of a reduction in the energy transfer probability when incident particle 
speeds are comparable with electron speeds in their atomic orbitals. They are 
usually of less practical importance for electrons than they are for heavy charged 
particles. The speed of an incident electron, in most situations of interest, is 
considerably larger than the speed of the orbital electrons involved. 


3.2 Bremsstrahlung Cross Section 


The bremsstrahlung process is the emission of a photon by a free charged particle 
in a coulomb force field. The name “bremsstrahlung” means “braking radiation.” 
Energy loss by bremsstrahlung emission is often termed radiative loss. We will 
devote considerable space to a discussion of bremsstrahlung emission during 
electron collisions with the nucleus. The probability for the process is quite 
large for high-energy electrons and positrons. In fact, at electron beam energies 
produced by many present-day accelerators, the electron radiative energy loss 
exceeds the collisional energy loss in heavy elements. In the following sections 
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only emissions from electrons are discussed, but the basic results are applicable 
to positrons also. 4.4 
Classical principles (12) can be used to derive the relationship between 
the power radiated as electromagnetic energy, dW/dt, and the acceleration a 
of a nonrelativistic particle with net charge ze: 
ОЦЕ (геј (3.8) 
dt бтеос3 
Since the acceleration is inversely proportional to the mass of the particle, the 
power radiated is inversely proportional to the square of the mass of the particle. 
Thus, if me is the electron mass and M is the mass of a heavy particle with 
net charge +e, and both experience the same force, then 


(dW/dt)y _ (=) 


3.9) 
(dW/dt)m, (М 


According to this equation, the radiative losses for electrons or positrons may 
be considerable, even when the losses for heavy ions with the same kinetic 
energy are entirely negligible. - | 

The bremsstrahlung cross section has been discussed by many authors 
(13, 14). Fundamental contributions were made by Sommerfeld (15), Bethe 
(16), Heitler (17), and Schiff (18). The development to follow is semiclassical 
and much simplified (19, 20); some results from advanced formulations will 
be discussed later. Much of the functional dependence resulting from our discus- 
sions can be related easily to equations developed using more advanced theories. 

The schematic diagram appropriate for the bremsstrahlung! cross section 
is shown in Figure 3.6. It is similar to Figure 2.2 except that the particles 
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Figure 3.6 The geometrical parameters for the bremsstrahlung process for an incident - 
electron of mass me and a target nucleus of mass M are illustrated. F is the force on 
the incident electron. 
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with mass Me and M have.been exchanged and the force is operating on the 
incident particle in this case. The incident electron is traveling in the positive 
x direction with speed v and kinetic energy 7. The medium is characterized 
by mass density p and atomic density n, atoms per cubic meter. The electron 
interacts with the nucleus of ап atom of mass М and nuclear charge +Ze. 
The nucleus is assumed to be located in a cylindrical shell of radius 5, length 
dx, and thickness db. At time t = 0, the incident particle is at closest approach 
with x = 0. The coulomb force is responsible for the acceleration ultimately 
resulting in emission of electromagnetic energy. 

The electromagnetic energy is emitted as a photon with total energy content 
hv. The electron is slowed by the emission process since total energy is conserved. 
Neglecting any nuclear recoil, 


T=hv+T', hvmx=T (3.10) 


where T" ‘is the kinetic energy of the electron after the emission process. The 
maximum possible energy content of the photon equals the incoming kinetic 
energy. Other than this, there are no explicit limitations on the bremsstrahlung 
energy spectrum. In fact, the spectrum is continuous in frequency v, since the 
incoming electron has a continuum of final energy states available. Assumptions 
necessary for our development include: 


1. Electrons are not relativistic. 

2. Movement of the nuclear target during the collision is negligible; effects of 
atomic electrons can be ignored. 

3. Changes in the incident electron trajectory and speed during the effective 
collision times are small. 


The assumptions are similar in some ways to those in Section 2.2 and are 
necessary to allow a simple expression for the acceleration of the electron. The 
restriction on nuclear motion causes little difficulty since nuclear recoil is usually 
not significant. Atomic electrons screen the nuclear charge quite effectively until 
the incident electron is near the nucleus. Thus, these electrons decrease the 
effect of long-distance collisions and decrease the effective collision time. The 
restriction on change in electron speed is a severe limitation. It means that 
the expressions we obtain will be valid only when a small fraction of the electron 
energy is radiated in a single collision. The high-frequency region of the brems- 
strahlung spectrum will not be accurately represented by our functional results. 

Figure 3.7 shows the force components on the incident electron attributable 
to the nuclear charge. The solid line follows the time dependence of the force 
if there were no atomic electrons to screen the nucleus; the dashed line indicates 
the time dependence of the force as the incident electron penetrates through 
the electron cloud into the nuclear region. Since the power radiated is related 
to the square of the acceleration, both the x component and the perpendicular 
component of the force are important. Both can induce emission of electromag- 
netic energy. For simplicity we will consider only the force component F, in 
the direction perpendicular to the incident-electron path and passing through 


the nuclear center. 


48 Energy Loss by Electrons and Positrons 


о. | 0 
ТІМЕ | ` TIME 


(а) (b) 


Figure3.7 The components of the force on the incident electron are shown as a function 
of time when closest approach occurs at t = 0. The dashed curve shows how E 
of the nucleus shortens the effective collision time. 2 | 


The coulomb force on the incoming electron „produces an acceleration in 
the perpendicular direction given by 


F . Ze Ze? | Ь | 
=> OUE ш------|--- (3.11) 
au) Me cage 47 Eomer? xo Атеот; | (b? + v?t2)37? | 
where r is the distance between the electron and the nucleus. The relationships 
cos Ө = b/r, r?= Ь2 + 7212 (3.12) 


were utilized in Equation 3.11. They can be verified with reference to Tisu 
3.6. 

At this point a brief digression on the properties of a Fourier transform 
pair is desirable. A more complete discussion of Fourier transforms can be 
found in Ref. 21. Recall that if f(t) and g(w) are a сопа pair of functions, 
they can be related by 


so) =e | IO exp(—iwt)dt, ft) =F | ЕС exp(iot)do 043) 


where t and c are the conjugate variables. An important property of the Fourier 
transformation is that the squares of the absolute values of the transform func- 
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‚ tions yield equal results when integrated over their appropriate conjugate variable 
spaces. Thus, 


(3.14) 


| лова = | (вао 


Suppose f(t) is real. Then from Equation 3.13, 
1» ТҰ Ё 

= EM =—- г = сж — 2— 2 

sCo) ==] Aexptiondt= ва), lg Co? = |809), 


| Та [KO =2 | | KOJEG (3.15) 


The Fourier transformation is often used іп physical problems because it enables 
one to obtain distributions in frequency (or momentum) from functions describ- 
ing the time (or spatial) dependence. 

Since we are interested in obtaining the bremsstrahlung cross section as 
a function of frequency, Equation 3.13 can be utilized to transform the accelera- 
tion of Equation 3.11: 


а(о) “T= | k a(t) exp(—iwt)dt = 
с m p (cosot-Fisimetdt — |. 
/27 Атеоте J ~o (b? + 7212)3/2 (3.16) 


Since sin wt is an odd function, the imaginary part of Equation 3.16 will not 
contribute to the integrated result. Further simplification is possible utilizing 
the properties of the even function remaining: 


2Ze?b = coswtdt _ 2Ze? (>) 
1 


E- =й = d (3.17) 
alw) хл Длтєоте ) о (b? + v?12?.— ,/2т Атеотеђ“ 


K,(wb/v), the modified Bessel function of order 1, has an integral form (22) 
similar to that shown in Equation 3.17. In order to obtain this Bessel function 
form, v3 was factored out of the integral. This step will introduce anomalies 
in the result unless the energy radiated Aw < Т. K,(wb/v) is real, and, as 
Figure 3.8 shows, it is very large at small values of the argument but rapidly 
decreases as the argument increases. 

From Equations 3.8, 3.14, and 3.15, it follows that the total energy radiated 
for a single collision at impact parameter b can be obtained from 


W, = f [55 a= : [tera 


dt E бтеос3 


e2 
бтеос3 


m [а (o) d o— € A [а (о) а о (3.18) 
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| 
Figure 3.8 The 
dependence of the 
0 1 2 = modified Bessel function | 
3 K, on its argument is 
w b/v · shown (22). 


The subscript 5 indicates that only a single collision is involved. Equation 3.14 
was utilized because a(t) and a,(o) are identified as.a real transform pair. 
By definition, 


Om | 2 Om 
W, = | "I |do= _ | = га (odo (3.19) 
0 до | . 3ar€oC? J o 


The maximum possible value of the angular frequency Wmax Was used instead 
of the infinite upper limit in Equation 3.18. Identification of integrands in Equa- 
tion 3.19 leads to | 


аи; _ e2 [а (ој = e2 реј 
do 3тевос3 ue 3теос3 “Эт Areom, v? 


2 2 2 
b 21| B h [i (52) | | (3.20) 
3т 91 Lv v кан 


In this expression, the classical electron radius ro and the fine structure constant 
a. have been used: | 
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e? e? 


loc uu xd @= (3.21) 
4T eom, c? 4T €ofic 


The total energy loss for all values of the impact parameter is equal to 
the energy loss per collision (Equation 3.20) multiplied by the number of colli- 
sions and integrated over the impact parameter. If Wr indicates total energy 
radiated, 


8 2 2 2 
азИт = ЕЕ ЖОН [e] E] hdo] [n (2a bdb) dx] (3.22) 
3т ^ v v 


Then 
2 6 2 2 2 
dWr _ уз ратћ E H | | к (>) | |% bab 
dodx 3 Lv v v 
= Z?rganhd(T,Z, hv) (3.23) 


The integration indicated in the braces in Equation 3.23 must be taken over 
all allowed values of the impact parameter. The intensity function &(T;Z hv) 
is introduced in Equation 3.23 for simplicity in the notation. In this case Ф 
does not refer to particle fluence. The arguments T and hv follow from the 
dependence of the integrand in Equation 3.23 on v and o. The Z dependence 
is not so evident but occurs because of nuclear screening by atomic electrons. 

The electromagnetic energy is radiated in the form of photons with energy 
hw = hv. The number of photons emitted, d2N, is equal to the total energy 
emitted divided by the energy of each photon: 


d? Ит == 


аһу 
2 № = 1722 — 3.24 
d?N Uk | Z?rgan, P(T,Z,hv) И, dx (3.24) 


ћу 


The differential cross section for emission of a photon with energy between 
hv and hv + dhv per unit energy is equal to the photon emission probability 
per incident electron divided by the number of nuclear targets per square meter: 


t 
do(hv) |  d?N C Ф(Т,2,һ) 


еф (3.25) 
аһу dhv(nydx) hv 


Figure 3.9 shows the results of measurements of the bremsstrahlung cross 
section by Motz (23). Notice that the measured values have been multiplied 
by hv and divided by 72 so the value plotted is proportional to the intensity 
function ®(7,Z,hv). The function must equal zero when hv = T, as indicated 
by energy conservation. The functional form given in Equation 3.25 is compatible 
with that obtained from realistic calculations (17, 18). The result for (7, Z, hv), 
which is obtained from the integration in Equation 3.23 and involves Кі, deviates 
from experimental results when hv = T. However, when hv < T < те“, 
Equation 3.23 is adequate (19). In relativistic formulations P(T,Z,hv) is а rather 
complicated function of the parameters. 
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Figure 3.9 The 
“experimental results for 
— the bremsstrahlung 
100 200 300 400 500 " spectrum from а 500-keV 

` PHOTON ENERGY (keV) electron are shown (22). 


3.3 Radiative Stopping Power and Related Concepts 


Since a charged particle loses energy in an absorber by radiative as. well as 
collisional processes, the stopping power must include both effects. The total 
_ stopping power S, is the sum of the collisional stopping power Sc and the 
radiative stopping power Sr: | 

5, = Se + Sr | | (3.26) 
S, is defined with analogy to Section 2.3 (24). The stopping power for electromag- 
netic energy radiated is the quotient of —dT by dx, where —dT is the average 
energy radiated by a charged particle in distance dx. Thus, 


S, = (7dT/dx)r | (3.27) 


An analytical expression for the average energy radiated by one electron 
can be obtained by multiplying the number of target nuclei per unit area, nydx, 
by the energy radiated per electron, per target per unit area. Equation 3.25 
can be used for the. differential bremsstrahlung cross section per unit energy. 
The total energy radiated can be written as 


T 3 T 
—dT = (њах) | pv СУ) thy = (поду) 2 ата | e(LZhv)dhv 628) 
: 0 dhv А | 0 ? T 
Then | | 


А | Т 
S, = (—dT/dx), = Z?r an | $(T,Zhv)dhv. 
0 


[mm | | | 
= Z?ranR(T,Z) | dhv = Zrfea(Na/Mm)pR(LZ)T (329) 
„ану = 
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The substitutions utilized in Equation 3.29 are 

Т 
| Ф(Т.2,һууаһу 

0 


T 
| аћу 
0 


«here МА is Avogadro's number, Mm is the molar mass, p is the mass density, 
and R(T,Z)is the spectrum average of the intensity function. 

The principal feature of the stopping power expression can be divided 
into two parts. 


nm =—*p, R(LZ)- (3.30) 
3 | 


i, Electron Properties 
The radiative stopping power depends directly on the kinetic energy of the 
incident electron. It also depends on the average of the intensity function, 
which includes a slow dependence on kinetic energy. 

2, Medium Properties | 
The radiative stopping power depends directly on the square of the nuclear 
atomic number and also depends directly on the nuclear density of the me- 
dium. The average of the intensity function produces an additional slow 
dependence on atomic number. | 


The radiation length is often used to compare the efficiency of various 
materials as bremsstrahlung emitters. The radiation length l, is defined to be 
the path length that will reduce the energy of an incident electron to 0.368 of 
its initial value due to radiation loss. From Equation 3.29, for an incident electron 
of energy To, | 


T ат М), ( | Lf , 
За = = – 722 tam окт 2. дах'=—=— | ах, 
ЖҰҚ ага s Jp Шел жар 
in Та Ty=—> T = To exp(—x/L) (3.31). 
Therefore, 
|, = [Z2ro2a(Na/Mm)p R(T, 2)] ! (3.32) 


An approximation for R(T.Z) that is often used in calculations of l, for high- 
energy electrons is (13) 


R(T,Z) = 4 In(183 Z71/3) (3.33) 


This function includes the effects of screening of the nuclear charge by atomic 
electrons. Partial corrections for electron-electron bremsstrahlung can be in- | 
cluded in Equations 3.29 and 3.32 by replacing Z? with Z(Z + 1). More | 
exact expressions for the average value of the intensity function can be quite 
complicated. | 

Recommended values for the radiation length, including the energy de- 
pendence, are given in Table 3.2. Notice that the radiation length is only a 
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Table 3.2 Radiation Lengths 


eee ———————— — 
Material (Z) p (kg/m?) 1. (т) l.p (kg/m?) | бр (kg/m?) 1120р (kg/m?) 
Ea ..2 м ___- —-——————————— X! — 
Water (1.0)10? 0.506 506 

Carbon (6) . (2.5)103 0.206 517 546 : 485 
Aluminum (13) (2.7)103 0.0974 263 296 266 
Copper (20) (8.9)103 0.0148 132. 154 140 
Tantalum (73) (16.6)103 0.0039 64 80 73 
Tungsten (74) (19.4)103 0.0033. 64 

Platinum (78) (21.5)103 0.0028 61 

Геай (82) (11.3)103 0.0052 59 


lp computed from Equations 3.32 and 3.33; јр, at 40 MeV (14); /.:20р, at 120 MeV (14). 


- 


few millimeters for high 2 materials like tantalum [2 = 73, p = (16.6) 10° 
kg/m?], whereas the radiation length for low Z materials like graphite [2 = 
6, р = (2.5)10? kg/m] is quite large. 


3.4 Bremsstrahlung Yields from Thick Absorbers 


Although some bremsstrahlung accompanies the degradation of electrons in 
tissue and aqueous solutions, the total amount of energy radiated is jusually ` 
quite small when compared to the losses by ionization and excitation. Since 
the stopping power for radiative loss is proportional to 272, bremsstrahlung is 
much more significant when electrons impinge on high atomic number materials. 
The energy radiated from metallic absorbers, particularly the targets in x-ray 
machines and linear electron accelerators, is of special interest. 

Before discussing the amount of electromagnetic energy emitted in travers- 
ing an absorber, it is useful to introduce two categories: thin absorbers and 
thick absorbers. In a thin absorber (or thin target), the probability of appreciable 
energy loss prior to emission of a photon is negligible. In a thick absorber (or 
thick target), emission of several photons as well as considerable collisional 
loss by a single electron is quite probable in the absorber. | 

Figure 3.10 shows the energy fluence spectrum that might be emitted 
from a thick absorber as compared with the spectrum for a thin absorber. Of 
course, the total energy radiated by the thick absorber would substantially exceed 
that of the thin absorber in most cases. However, in this figure the spectra - 
are normalized for equal total energy to compare the shapes more easily. Notice 
that the spectrum for the thick target contains relatively more low-energy pho- : 
tons. This is because many electrons penetrate well into a thick target before 
emitting a photon. Since the electron energy has been degraded due to collisional 
losses before emission, the emitted photon spectrum must be degraded. In (ће 
next few paragraphs the amount of energy radiated in thick absorbers will be 
discussed with due concern for energy degradation effects. 
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Figure 3.10 The bremsstrahlung energy 
fluence emitted in a thick target is 
compared to the thin target fluence curve. 
The total energy from the thick target 
is usually much greater than the thin- 
target radiated energy. In this case the 
0 5 10 15 20 25 two curves have been normalized for 
PHOTON ENERGY (MeV) equal total energy. 


RELATIVE ENERGY FLUENCE 


Suppose that E. is the total energy radiated in a thick absorber. If the 

electron is completely stopped in the absorber, 
в.=[` КЕН SAT / т Spel 7 ST (3.34) 
0. „(ат /dx) o CAT ay o 5 

In this equation, s is the total path length of the electron in the absorber, 
x is the path length variable, and 7" is an integration variable for kinetic en- 
ergy. The limits of integration in Equation 3.34 are used because x = 0 at en- 
trance into the absorber when the energy is 7. When the distance variable 
equals the total path length s, the kinetic energy is comely dissipated 
and T = 0. 

The radiation yield Ү(7,2) is the fraction of the kinetic energy radiated 
in the course of slowing down. When nonrelativistic electrons are considered, 
Sr == Se > S, The radiation yield сап be expressed by 


27]. Ls] 
у(12)=— == ат 
СА "а 4 Se 
222 Z?rga(NA/Mmn)p A T R(T',Z)T'dT' 
mro? (mec?) Na (Z/Mm )р dci ue 

Equations 3.2, 3.29, and 3.34 were used to obtain this expression with (T < 
тес?). Since R(T',Z)/C(T',Z) varies slowly with kinetic energy, Y(Y,Z) de- 
pends approximately on ZT?. 


(3.35) 
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Figure 3.11 The ratio of the radiation yield to the atomic number Z for 10-MeV 
electrons incident on a target is shown as the solid line; the dashed line gives the result 
of Equation 3.36. All ordinate values must be multiplied by 1073. 


RADIATION EFFICIENCY 


Figure 3.12 The 
radiative efficiency for 
electrons incident on a 
tungsten target is shown 
as a function of relative 
target thickness. R is the 
incident electron range; x 
is the actual thickness. 
Adapted from Ref. 26. 


Energy Loss by Electrons and Positrons 57 


A function that fits experimental data when Т > mec? for high atomic 
number absorbers (9, 25) is 


4 


(6.0)10-4*ZT 

me + (6.0)10-*ZT ~ 

where T is expressed in megaelectron volts. Figure 3.11 shows that this functional 
form is appropriate for absorbers with atomic number greater than about 10. 
Of course, the effects of self-absorption of the radiation in the radiating 
material are not included in Equations 3.35 or 3.36. Self-absorption has been 
included in the function shown in Figure 3.12, which represents emitted efficiency 
for tungsten targets (26). The abscissa is the target thickness divided by the 
path length of the electron in the target. Notice that for all the energies consid- 
ered, the maximum radiation efficiency occurs when the abscissa is 0.5 or less. 


3.5 Systematics of Electron and Positron Mass 
Stopping Power 


The mass stopping power values for electrons in several absorbers (8) are given 
in Appendix 7. Values are included for many energies and both collisional 
and radiative loss rates are tabulated. Many of the comments given in Section 
2.6 for ions apply for electrons also. Stopping power definitions and the reasons 
for tabulating mass stopping powers are similar for electrons and ions. 

Equation 3.2 in this chapter shows that the collisional energy loss stopping 
power for electrons is proportional to Z/Mm for the medium. Thus, one can 
estimate the collisional loss mass stopping power for element 2 from the tabulated 
value for a neighboring element 1 by 


(>) z Мт) ae сы (3.37) 
p/2 (Z/Mm) 1 


Of course, this relationship is approximate and is valid only for neighboring 
elements. The logarithmic dependence of the stopping power on the average 
ionization potential has been ignored (as well as density effect and shell correction 
terms). In most cases the mass number A could be substituted for Mm in this 
relationship. 

It is evident from Equation 3.29 that the radiative stopping power for 
electrons is proportional to Z?/Mm for the medium. In this case опе can estimate 
the radiative mass stopping power for element 2 from the value for neighboring 


element 1 using 
(2) „(2 Мт); Eu (3.38) 
P/2 (Z?/Mm) р/1 


For better accuracy, 22 сап be replaced by Z(Z + 1) to include atomic electron 
effects. Of course, the ratio of the logarithmic dependence of Equation 3.33 
can be included if it is desired. 
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Bragg’s additivity rule can be used to calculate the electron mass stopping 
power for a molecule containing several elements. This has already been discussed 
in Chapter 2. Equation 2.36 from Section 2.6 can be used for Stopping powers 
of incident electrons as well as those for ions. 

As was mentioned in Section 3.3, the total energy loss is the sum of the 
loss due to collisional processes and that due to the emission of bremsstrahlung. 
For electrons at low energies, the collisional loss dominates. At high energies 
the radiative loss dominates. Figure 3.13 shows that the collisional stopping 
power for electrons in water is greater than the radiative stopping power unless 
T is greater than 50 MeV. Notice that the radiative loss in tungsten equals 
the collisional energy loss at about 9 MeV. 

From Equations 3.2 and 3.29, 


S, 2arro2mec?Na(Z/Mm)p[(T + mec?)?/ T(F + 2mec?)|C(TZ) 
i Eile’ | (3.39) 
M(T,Z) 
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Figure 3.13 The mass stopping power functions for collisional loss and for radiative. 
loss are shown (8) for tungsten and water absorbers. | | 
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We have defined the collisional to radiative loss function M(T,Z) by this equa- 
боп. M(T,Z) is slowly varying іп T and Z when the energy T > тег. ыл 
The critical energy Te is defined as the energy such that the radiative 
stopping power equals the collisional stopping power. When T = Te, 
361 / mec? x M(Tc, Z) mec? 


S/S qe T 


(3.40) 
M(Te Z) Z 


A good approximation to the stopping power ratio and to the critical energy 
is given by (8) 


S-/Se =(Z + 1.2)T/800, Te = 800/(Z + 1.2) (3.41) 


where T is in megaelectron volts. Figure 3.14 shows the critical energy as a 
function of Z. | 

With regard to the critical energy, it may be of some interest that materials 
used for targets in x-ray machines (with Z > 70) have critical energies in the 
neighborhood of 10 MeV. Because diagnostic x-ray generators operate well below 
this energy, collisional loss dominates in the target, and the bulk of the electron 
energy incident on target is converted to heat. Thus, x-ray generators are rela- 
tively inefficient bremsstrahlung producers. When high-intensity beams are 
needed for long durations, targets must be externally cooled. 
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3.6 Positron Annihilation 


Preceding sections of this chapter give information on radiative stopping powers, 
radiation yields, and related concepts for negative electrons with no direct refer- 
ence to positrons. In most cases the expressions obtained are applicable to posi- 
trons as well as electrons because the mass and charge magnitude are the same 
for either particle. Of course, electrons are of primary concern because they 
are intermediaries in most absorption processes, and electron beams are produced 
in many devices. Positron beams are less common, but the particles occur in 
medical and industrial applications or of radiations, either as a product of radio- 
active decay (8% decay) or after absorption of high-energy photons (pair produc- 
tion). After degradation to thermal energies, electrons tend to diffuse through 
an absorbing medium until charge equilibrium is established. No unique phénom- 
enon accompanies their thermalization. We include this section because positrons 
disappear by annihilation during thermalization and thereafter. 

Positron annihilation is the process wherein a positron and an electron 
disappear simultaneously and electromagnetic energy is radiated away in their 
place. The process is illustrated on Figure 3.15 for the most probable case of 
emission of two monoenergetic annihilation photons. Three-photon emission 
occurs only 1 time in about 370, and the possible photon energies show a continu- 
..ous spectrum of values (27). Single-quantum emission in the electric field of a 
nucleus is even more unlikely. The result of positron annihilation is the produc- 
tion of secondary photons, as is the case for the bremsstrahlung process. | For 
the most part, annihilation photons have a single characteristic energy velue, 
easily distinguished from the continuous energy spectrum of the bremsstrahlung. 

The equations for energy and momentum conservation for two-photon 
annihilation shown in Figure 3.15 are pum 

T+ + mec? + T- + mec? = hvi Л ћу», 


p+ + p- = р: + рг (3.42) 
positronium ^ annihilation 
hy=0.511 Mev 


b-ga nu 


hy = 0.511 Mev. 


before . after 


Figure 3.15 The annihilation of a positron with an electron is shown 
for the case when two photons are emitted. қ 
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In these equations the subscripts + and — indicate positrons and electrons, 
respectively, while the subscripts 1 and 2 are for the photons. T indicates kinetic 
energy and p stands for momentum as usual. 

Dirac derived an expression for the cross section for positron annihilation 
in 1930 (28). In the limit with v+ < c, 


c —qro? нса (3.43) 
V+ 
Low-energy positron annihilation is clearly favored. In fact, degrading collisional 
and radiative losses usually dominate for fast positrons until they are thermalized. 
The positrons then are annihilated, usually with valence electrons (27, 29). 

If the momentum and kinetic energy of the positron and electron are 
negligible upon annihilation, Equations 3.42 simplify: 


hy, +hve=2mc?, pi—-—ps hvi/ce = hv2/c, | 
hv, == hve= mc? (3.44) 


The 0.511-MeV photons are characteristic of the annihilation process. Under 
the assumption of negligible input momentum, the two photons must emerge 
at directions separated by 180°. 

In fact, the momentum of the positron and electron before annihilation 
is not completely negligible. Because of residual momentum, the photons depart 
at relative angles distributed around 180° with an angular width of about 1° 
or less. The photon energy spread is often about 10 eV for the same reasons, 
as long as T+ < mec?, T- < тес? (27). Relativistic positrons can annihilate 
in flight prior to thermalization. In this case the photon emitted in the forward 
direction gets the bulk of the available energy. 

— In noncrystalline materials, а positron and an electron can form a bound 
system, called positronium, prior to annihilation. The two particles move about 
their center of mass in this quantized system (28). If the spins of the electron. 
and positron are antiparallel (singlet, S = 0), the system is parapositronium. 
If the spins are parallel (triplet, S = 1), the system is called orthopositronium. 
Since the ground state of the positronium system has no orbital angular momen- 
tum, parapositronium (S = 0) is annihilated with the emission of two photons. 
The ground state annihilation of orthopositronium (S = 1) produces at least 
three photons in free space. The mean lifetime of parapositronium is about 
1071? s, Orthopositronium lives considerably longer, with mean life about 1077 s. 


3.7 Problems 


l. саће the collisional loss stopping power for а 1-MeV electron in alumi- 
num. Ignore shell and density effect corrections. Obtain the linear energy 
transfer for a cutoff energy of 1 keV using the appropriate value from Figure 


4.3. | | 
2. Calculate the linear energy transfer for а 1-MeV electron in aluminum 
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11. 


12. 
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using Equation 3.2. Use an energy cutoff of 1 keV in the calculation. Ignore 
shell and density effect corrections. 


. From Figure 3.1 evaluate the ratio of the ionization cross 'section for.27 


and 2s electrons to the ionization cross section for 3s and 3p electrons in 
argon at 1 keV. 


. Evaluate the integral for ®(T, Z,hv) in Equation 3.23 using the low frequency 


limit for the modified Bessel function, Ki(wb/v) = v/wb. Estimate the 
maximum impact parameter allowed by screening as ъ/о and the minimum 
impact parameter by the reduced de Broglie wavelength of the electron. 
Show the resulting expression. 


. Calculate the radiated energy in kiloelectron volts per nucleus per square 


meter per electron when T' — 2 MeV and Z = 74. | 


. Calculate the radiation length of a tungsten target in SI units using Equations 


3.32 and 3.33. 


. How much energy is radiated by а 4-MeV electron in a tungsten target 


thick enough to stop the electron? Use the radiational yield expression of 
Equation 3.36. 


. For а 4-MeV incident electron, estimate the energy actually emitted from 


a tungsten target thick enough to stop the electron when self-absorption 
is considered. Use Figure 3.12. Suppose the target was 0.2 radiation lengths 
thick. How much would be emitted? 


. Estimate the radiative loss stopping power at 5 MeV from,a gold target 


from the value for a tungsten target in Appendix 7. 


‚ Evaluate the ratio of the radiative energy loss rate to the collisional loss 


rate at 10 MeV and 1 MeV for a tungsten target. 

Evaluate the ratio of the electron radiative energy loss rate to the collisional 
loss rate at 10 MeV in a water absorber using Equation 3.41. 

Show that the Dirac (28) expression for the positron annihilation cross- 
section | 


((y +4у +1) щру + (y? — 0:2] — BY +3) 


sif 
= 2 — P o 
С бузу 4-1) 


reduces to Equation 3.43 when v < с, B. 0. 
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4.1 Path Length, Range, and Related Concepts 


In the last two chapters, expressions for the energy loss per unit length along 
the path of a charged particle were developed. In this section these expressions 
will be related to the penetration of such particles into an absorber. We will 
introduce the concepts of path length and projected path length for individual 
charged particles, and range and projected range for beams of charged particles. 
In most cases, these names follow conventions used previously (1). Since the 
path length and the projected path length refer to a given particle, they are 
subject to a high level of fluctuation. Because the range and the projected 
range are averages over large numbers of particles, fluctuations are usually ig- 
nored. The range and projected range will be related analytically to the stopping 
power expression in the next section. In succeeding sections they will be used 
to describe some properties of the pattern of the energy deposited in depth in 
an absorber. 

The path length s is the total distance traversed by a charged particle 
without relation to direction. By reference to Figure 4.1, 


s= М] Asi (4.1) 
i 
where As; represents the distance traveled between collision i — 1 and collision i. 


The range R is defined as the average path length for many identical 
monoenergetic charged particles: 


" | 
Е-()- У s/N (4.2) 
| Ж 


65 


66 Charged-Particle Energy Deposition in Depth 


INCIDENT 


PARTICLE 


Figure 4.1 . The path of a charged particle can be displayed as a series of line segments 
between collision points. The path length is the sum of the segment lengths. 
/ 


where () indicates that an average has been made for the N incident particles ' 
and j is the summation index for individual particles. Note that the distance 
specified in equation 4.1 includes that covered from incidence of a particle on 
an absorber surface to thermalization within the absorber. Of course, after reach- 
ing thermal energies, a particle may diffuse some distance. Charged-particle 
diffusion will not be included in our discussions. | 

The projected path length ¢ is defined as the sum of the projections of 
individual path-length increments along the incident direction. If 0; is the дећес- 
tion angle shown on Figure 4.1, then 


t= >) As; cos 0; | (43) 
i aa 

Note that t is equivalent to the depth of penetration of an individual particle. 
The projected range, Rs is the average projected path length for many 


identical monoenergetic particles. It relates most closely to average depth of 
penetration. Thus, for N such particles, = 


N 
к, =()= У 4/N | (44) 
је 


From these definitions, it is evident that the projected path length cannot 
be greater than the path length, t < s. The difference between s and t is especially 
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noticeable for incident electrons, which can be deflected appreciably in a single 
collision. The two quantities are more nearly equal for heavy ions since they 
are not deflected through large angles except in infrequent nuclear collisions 
at small-impact parameter. The cumulative effects of multiple scattering colli- 
sions are discussed in Section 4.4. 

The relationship between the projected path length and the projected range 
can be clarified by reference to a transmission curve. Figure 4.2 shows such a 
curve for monoenergetic electrons. The transmission is defined as the number 
of particles that penetrate through an absorbing sheet divided by the total number 
of particles incident on its surface. Because of deviations in direction during 
scattering collisions (multiple scattering) and fluctuations in energy loss rate 
(energy straggling), the curve is not rectangular, as one might suppose (2). 
Rather, a distribution in projected path length is indicated, with some particles 
penetrating further than others. Thus, after an initial plateau, the transmission 
falls gradually to zero. It is apparent that the projected range К, is equal to 
the thickness corresponding to a transmission of 0.5 if the fall-off is symmetrical. 
The extrapolated range Re, which is the intercept obtained by extrapolating 
the linear part of the transmission curve to the axis, is also shown on the 
figure. 

For large numbers of incident monoenergetic particles, the projected range 
can be related to the projected path length of an individual particle by the 
relationships: 


ЖЕТЕ үр га, Рош = 75у APU к/а вз 


1.0! 


0.5 


TRANSMISSION 


Figure 4.2 The 
transmission of electrons 
through an absorber is 
shown. The projected 

R t R e range R, and the 
extrapolated range А, are 


THICKNESS indicated. 
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In these equations, P(t)dt is taken to be the probability an individual particle 
will have a projected path length between t and t + dt. We have assumed as 
an approximation that this distribution is similar to a normal curve with pro- 
jected path-length variance V, Since the normal distribution is symmetrical, 
the number of particles transmitted through an absorber of thickness R, is 
0.5 of the incident particle number. If asymmetries in the distribution are consid- 
ered, a different analysis must be used. | 

From Figure 4.2 the extrapolated range Re can be related to К, through 
the variance У, of the normal distribution. Note that the slope on the transmission 
curve is related to P(t) through 

1 dN амм P(0dt — 1 оту os 
ET d eut AE exp[ с R,)?/2V;] (4.6) 

dN is the number of particles stopped at a thickness between ¢ and £ + dt 
and No is the total number of particles incident on the absorber suface. The 
slope from Figure 4.2 can be evaluated from the point N/No = 0.5 at 
t= Ri: © 


0.5 1 dN 1 


= — 


R.—R. No at / 21 V: 


Thus, Re is larger than R; because of the fluctuations in projected path length. 

A. special case of an electron transmission curve occurs for beta particles 
from. the radioactive decay of a nucleus. The spectrum of electrons from beta 
decay (3) is continuous and decreases to zero at the end-point energy (see Figure 
4.3). Because of this spectrum, the beta-particle transmission curve is approxi- 


УК = К, ут, /2 (4.7) 
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Figure 4.3 Тһе beta spectrum from 21981 is shown (3). 
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mately exponential in an intermediate region (4), as shown in Figure 4.4. Thus, 

at intermediate transmission values, 

_ wa 
(aa 

where В is the effective beta mass attenuation coefficient. The numerical value 


of B in square meters per kilogram can be calculated from the second equation 
(4-7) if Tmax is the spectrum end-point energy in megaelectron volts. 


N/No = ехр Врх], В (4.8) 


4.2 Expressions for Range Versus Energy 


A theoretical approach to the determination of charged-particle range utilizes 
Stopping power expressions similar to those discussed in Chapters 2 and 3. 
The value found is often called the CSDA range, an acronym for Continuous 
Slowing Down Approximation (8, 9). Since range is an average value, fluctuations 
can be ignored and losses are assumed to be continuous. The CSDA range 
can be calculated from 


R —dT To To 
A(^ | ВЕСНИ тс Í dT/S+ R(T) 49) 
d J^ то (- dT/dx) |, B Pr 


where dx is the path-length variable of integration and S is the stopping power. 
In this expression, To is the initial kinetic energy of the charged particle. The 
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last part of the path length is usually not accurately calculated when an analytical 
expression is used for the stopping power. Most such expressions are inaccurate 
at low energies. Because of this, a finite lower limit can be utilized, and Кит) 
can be estimated from experimental results. Extensive CSDA range calculations 
for electrons have been published (10, 11). 

A simpie nonrelativistic CSDA evaluation of the range (5) cambe made 
for heavy ions. Using Equation 2.22, 


dT  2z?mro? mec? Na (Z/Mm)p In m,c?pg? /Г)? 


нише (4.10) 
Sc dx А p? 
But 
Mv? Mc? 
dT=d E = Р. 4082) = Mc?BdB, 
ап жа СОСЫ а н (4.11) 
S,  2z?m romec? Na (Z/Mm)p In2mc?p?/Iy 
Changing to the variable u simplifies the integration to follow: 
4m T}? 16(тес2)283 | 
0 202 тү mI | (4.12) 
u = терор [RE], du = ар 
From Equations 4.9, 4.11, and 4.12, | 
Mc? I? uo du | - | 
R=——— | + RAT | 
Zl па ТА (Т) ie 
Mc? I? . 


JST [ЕІ — ЕЦ! + R(T (4.13) 
3222т ro? (mec?) Na (Z/Mm)p [Ei( n Uo) і i( n u1)] ( 1) 


The notation Ei(In и) is for the exponential integral with argument In u. Values 
of the exponential integral have been tabulated (12), and the functional form > 
is shown in Figure 4.5. | 

The unit density range Rp is the product of the range and the density 
of the medium. From Equation 4.13 it is evident that the range is inversely 
proportional to the mass density. If the unit density range is used, the dependence 
on mass density is multiplied out and the result can be used for accurate interpola- 
tion from element to element. Unit density ranges for protons and electrons 
are tabulated in Appendixes 6 and 7. 

Formulas for approximate values of Rp have been developed for restricted 
energy intervals. For protons in air in the ‘energy range 10 < T < 200 MeV, · 
one can use (13) ; ү 


(Кр)= (2.2)10-? T", n = 1.8 (4.14) 


where T is in megaelectron volts. For electrons in aluminum in the energy 
range 0.01 < T < 3 MeV, one can use (14) | 


(Кр)=(41)Т, n= Воле ША (4.15) 
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Figure 4.5 The 
exponential integral 
function increases with 
increasing argument 

u from the zero at 0.372. 


where T is in megaelectron volts. In both Equations 4.14 and 4.15 the Rp 
values are in kilograms per square meter. 

The form of Equation 4.13 can be used to obtain approximate relationships 
between unit density range values for neighboring elements or for different non- 
relativistic charged particles. The parameter of particular interest for these pur- 
poses is т = Т/Мс? for the incident ion. When the variable и = (Am,c?r/I)? 
> 1, an asymptotic form of the exponential integral can be used (12): 


r3 [(4mec?/ ГУутТ 
Inu ~ Inf(4mnec2/Dr]? 
For heavy ions when и > 1 and Ri < К, one can estimate the range 


for a particle in an absorbing element 2 from the range in a neighboring element 
1 using 


Ei(In u) ^ (4.16) 


(Z/Mm)1 


(Z/Mr (Ер), (4.17) 


. (Rp) = 
In this relationship the mass numbers can be substituted for molar masses in 
most cases in the ratios. The direct dependence on J, the average excitation 
energy, cancels out of Equation 4.13 in the asymptotic limit and does not appear 
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in 4.17. The remaining logarithmic dependence on J can often be ignored in 
a first approximation of the ratio for neighboring elements, since Г varies slowly 
from element to element. | | 
When и > 1, Ri < R, and та = ть, one can estimate the unit density 
range for a nonrelativistic particle b from the unit density range for nonrelativis- 
tic particle a in the same absorber: 
| (M/z?)s 4" 
R = R (4.18) 
( р)ь (M/z?), ( P)a 
When ions have the same kinetic-energy-to-mass-energy ratio, the masses and 
net charges determine the relative range. 


4,3 Energy and Path-Length Straggling 


Since radiative and collisional processes for charged ‘particles occur randomly, 
the cumulative energy loss in an absorber must fluctuate from one particle to 
the next in a beam. Energy straggling is the fluctuation in energy loss for a 
given partial path length for identical monoenergetic particles. Because the en- 
ergy loss for any partial path fluctuates, the total path length must also fluctuate. 
Path-length straggling is the fluctuation in total path length for identical monoen- 
ergetic particles. | ua n. | 
Energy straggling of electrons is more pronounced than energy stragglin 
for heavy ions: This is because the fraction of energy transferred in a single 
collisional loss can be much larger for electrons than heavy particles. Equation 
2.20 shows that for nonrelativistic heavy particles, the maximum energy trans- 
ferred is 
| 


Emax = 2mev? = 45i Тт (4.19) 


For fast incident electrons the maximum energy transferred to atomic electrons 
is usually taken as half of the incident kinetic energy. High-energy transfer 
events lead to a high level of fluctuations in energy loss and path length. Further- 
more, the probability of photon emission is much larger for an electron than 
for a heavy ion. Photon emission will contribute to energy straggling in high 
Z absorbers since the energy emitted is variable over a wide range. 

In the following paragraphs, a description of energy straggling for heavy 
ions will be given (5, 15). Heavy particles are considered rather than electrons 
because simplified distributions can be used when single events with large loss 
are ignored. As before, the development given will be approximate. Some general- 
ization to the case of electron straggling will be given at the close of the section. 

Equation 2.15 shows that the total number of collisions, AN, an incident 
ion will sustain in path length As with energy loss between E and E + dE is 


2 d 
AN = 222102 T "nz EIS (4.20) 
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In this equation ze is the incident particle net charge, and £ is the ratio of 
the incident particle speed to the speed of light. The number of electrons per 
unit volume is n,Z for the medium. 

The number of collisions given by Equation 4.20 is random and subject 
to fluctuations. We will assume that the Poisson distribution can be applied 
(5); then the standard deviation in collision number is given by о = VAN. 
The fluctuation level in the total energy loss is of prime importance in energy 
straggling. Thus, the standard deviation in energy loss, Ем AN, and the energy 
loss variance, E?AN, must be considered. 

For independent processes, the total variance in energy loss, Vr, is obtained 
by summing the individual energy loss variance values (16). In this case, since 
continuous variables are involved, we integrate Е?А №: 


В 2 E, 
па жир | а (421) 
p? 


Emin 


Using Equation 2.20 when Emax > Emin 


mec? 
Emax — Emin = 2mev?, Vr = 22? aro? gi n,Z(2m,v?)As 
= 42247 ro (mec?) NA(Z/Mm)pAs (4.22) 


` If a large number of monoenergetic particles are involved, and excessively 
large, single energy loss processes are ignored, the normal distribution in particle 
energy Т can be used. Under these circumstances the probability P(T)dT for 
residual kinetic energy between Т and Т + dT after traversing a partial path 
length As in an absorber is 


| == 2 45 
P(T)dT = слој - FO Јат, (Т-1- І | Sdx (4.23) 


1 
Мати ТА 
The variance Vr as given by Equation 4.22 was used in the distribution іп 
residual energy as well as in the distribution in energy loss, since the two energies 
differ by a constant To, the incident energy. Notice that the width of the distribu- 
tion increases as (As)!/2 since Vr is proportional to As and ст = Мт. Ап 
example will be shown later. 

The residual path length of a charged particle is given by the product of 
residual energy and the reciprocal of the average stopping power. Thus, fluctua- 
tions in path length result from energy loss fluctuations. If the standard deviation 
associated with path length As is given by МА /5, the total path-length variance 
V, is given by the sum of the segmental variance values Vr/S? (5, 15). Since 
continuous variables are involved, we substitute dx for As and integrate using 


Equation 4.22. 


s dx be pf 232 2/М d dT (4.24) 
V; = атте) | S = 422тғо(тес?)№(2/Мһ)р о 53 
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If a large number of monoenergetic particles are considered and large 
energy loss collisions are ignored, the normal distribution in path length is 
useful. If P(s)ds is defined as the probability for total path length between s 


and s + ds, then 
| 1 — Ry 
NOSE. exp| – S las (4.25) 
ЖҰ | 


From Equation 4.24 it is evident that path-length: variance for heavy ions 
is inversely related to the stopping power. The dependence of the integrand 
on 5-3 in that equation ensures the inverse relationship. As an example, this 
means that proton path-length straggling is more noticeable than alpha-particle 
straggling for the same incident energy, since the alpha-particle stopping power 
is much larger.. | | 

The basic conclusions from the foregoing descriptions using normal distri- 
butions are correct, but the numerical results are only approximate since large 
energy transfer events are not included. In fact, an occasional collision of a 
heavy particle with an atomic nucleus does involve transfer of a large amount 
of energy. Thus, the symmetrical distributions given in Equations 4.5, 4.23, 
and 4.25 are not entirely appropriate, and skewing towards smaller residual 
energy and smaller path length occurs. c. 


P(s)ds — 


. RELATIVE FLUENCE 


RELATIVE ENERGY LOSS 


Figure 4.6 The Vavilov distribution (18) with /32 = 0.9 is shown for several values of 
the parameter K. When K = 1, the distribution is nearly symmetrical; when K = 
0.01 there is a pronounced tail toward large energy loss. 
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Experimental energy loss distributions for charged particles traversing a 
thin absorber are described by a, theory developed by Vavilov (17). The normal 
distribution used in the foregoing descriptions can be considered a limiting 
case of the Vavilov distribution. The Vavilov parameter K is proportional to 
the mean energy loss in the path length divided by the largest possible energy 
loss in a single collision. Figure 4.6 shows the Vavilov distribution for various 
values of K (18). When K is small, the distribution has a very pronounced 
tail toward large energy losses. As K increases the distribution becomes more 
nearly symmetrical, and when K > 1 it approaches the normal distribution. 

Figure 4.7 illustrates energy straggling for electrons in water (19). Note 
that the peak width increases as the residual energy decreases and the path 
length increases. This effect is expected by analogy to Equation 4.22. Large 
energy loss collisions occur with some regularity for electrons, so the distributions 
are skewed toward lower energy. The average residual energy is considerably 
less than the most probable residual energy. | 

Figure 4.8 shows some distributions in projected path length for electron 
beams of two energies in water (20). This figure is included to illustrate path 
length straggling. Notice that the distributions are skewed toward low depths. 
Single event, large energy loss collisions contribute to the skewing. In addition, 
fluctuations in the scattering angles of the electrons produce straggling in the 
projected path length, which broadens the peaks. This effect will be discussed 
in more detail in the next section. 


SECONDARIES 

Figure 4.7 The energy 
à distributions for 10 MeV 
incident electrons are 
shown at two depths in 
water; about 2 cm and 
about 3 cm. Adapted 
ELECTRON ENERGY (MeV ) from Ref, 19. 


RELATIVE NUMBERS OF ELECTRONS 
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Figure 4.8 The distribution in projected path length is shown for 
a 14- and а 22-MeV electron beam in water (20). | 


4.4 Multiple Scattering 


Multiple scattering is a series of collisions involving small individual deflections, 
producing a cumulative substantial deviation from the incident direction of 
the fast charged particle. The individual events that contribute most to multiple 
scattering are elastic coulomb collisions between the incident particle and an 
. atomic nucleus. There is little energy transferred by these processes; they are 
significant because of the deflection caused. Contributions from incident-particle 
collisions with atomic electrons are often neglected when compared to the contri- 
butions from the nuclear collisions. The average deflection angle occurring in 
a collision with an atomic electron is less than the angle of deflection produced 
by a nuclear collision at an equivalent impact parameter. 

Multiple scattering is the primary cause of the divergence of charged parti- 
cles emerging from an absorber when the incident beam was parallel. Figure 
4.9 is an illustration of this effect. Individual incident particles suffer deflecting 
collisions that tend to spread the beam into a cone of radiation. A plot of 
relative numbers of electrons emerging from a scattering foil per unit solid 
angle has the form shown in Figure 4.10 (21). Large-angle single collisions 
contribute to these distributions but have minor significance in the central region 
of the distribution. Large-angle heavy-ion collisions with nuclei have been widely 
studied. The Rutherford alpha-scattering experiments (22) were central in estab- 
lishing the nuclear model of the atom. 

We will develop an approximate expression for the angular deflection due 
to multiple scattering in the following paragraphs (15). Suppose that an incident 
particle with momentum p, energy T, and net charge. +ze collides with an 
atomic nucleus of charge +Ze and mass M. Fortunately, the setup is familiar 
(Fig. 4.11). Because the target nucleus is so massive, there will be little energy 
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ABSORBER 


Tigure 4.9 Scattering processes cause divergence in a beam emerging from 
an absorber. 


transferred during the collision; rather, the less massive incident particle is de- 
flected by the repulsive coulomb force F. The angle of deflection of the incident 
particle, 6, is our focus of interest in the next few paragraphs. The assumptions 
іп the discussion to follow are similar to those in Sections 2.2 and 3.2. They 
include: 


1. Movement of the nuclear scattering center during the collision is negligible. 
2. The change in the incident-particle speed is negligible. 
3. The angle of deflection 6 is small. 


Under these circumstances the net momentum transfer in the x direction 
is not significant since the force on the incident particle is nearly symmetrical 
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Figure 4.10 The angular distribution of 16-MeV electrons scattered from a gold foil 
‘is shown (21). Note that the normal distribution is not adequate to account for large 


angle scattering. 


E 
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INCOMING 
DIRECTION 


OUTGOING 
DIRECTION 


Figure 411 Тһе geometrical parameters necessary for development of small-angle 
scattering equations are shown. F is the coulomb force. 


in time. The expressions for the change in incident-particle momentum in the 
direction perpendicular to the x axis and passing outward through the nucleus 
is analogous to Equations 2.5 and 2.7. Then, for small 8, cos 0 = b/r, tan 0 
— x/b, and | 


—zZe? | cos? 0 di (4.26) 


to | 
| Рі а cos 0 dt re. pi | 
From Equation 2.6, dt — bd0/v cos? 0; thus, | | 
—zZe? iP cos? 0 | Бад | aze 
4те J -ni2 b? Lv cos? Ө 4T €obv 


The last equality holds if the change in speed during the collision can be ignored. 
Using the momentum triangle on Figure 4.11, 


Б #22702 


» Атеорур 


ty 


A p= (4.27) 


Api 
P 


for small 6. Equation 4.28 is called the single-scatter relationship. 

Next consider the effect of many scattering events on a single incident 
particle. Of course, the scattering angle can lie in any plane passing through 
| the x axis, since the relative orientation of the incident particle with respect 
to the nucleus is random. Suppose the displacement due to the deflection is 
projected onto the yz (perpendicular) plane located at unit distance from the 
scattering center, as is shown in Figure 4.12. Since the angle is small and the 
plane is at unit distance, the projected displacement is assumed to be numerically 
equal to the value of the angle in radians: | 


ôy =ô чпф, 6,=6с05ф | (4.29) 


For several consecutive collisions the projections can be added. The total pro- 
jections are given by 


Ay = > 6; sin di, А, = D б; cos di | | (4.30) 
i i 3 


= tan $ = $ (4.28) 
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7 


Figure 4.12 The 
scattering displacement 
distances are projected 
on the yz plane at unit 
distance from the 
scattering center. 


- where i is the summation index. Note that Ду and А, are not usually zero, 
since they relate to a single particle which has been scattered many times. 
However, values of Ay or А; for different particles in a beam will be distributed 
around zero. 

If deflection angles given by Equations 4.30 are averaged over many inci- 
dent particles, the result will approach zero. All angles are equally probable, 
and negative values should occur as often as positive values. However, the 
squares of Ау and A; will be nonzero on the average. Thus, a mean square 
deflection angle can be obtained from 


(89) = (&y)-- (Be) = (x 8; sin а) + (| У овд |) 20 аз) 


1 
Тһе () indicate that an average over many incident particles has been made. 
The individual terms in the sums from Equation 4.31 can be grouped as 


(ay) - ([ sno] а sin |) 
i 
| (4.32) 
(Af) = {> $; cos «|5 0j COS |) 
i 
The sum of these products contains only pairs of terms like, 
(sin $; sin фу) + (cos фі cos фу) (4.33) 


The sum of each pair of terms equals one if і = j. The values for i >= j average 
to zero since both positive and negative terms occur with equal probability 
(incoherent scatter). Equation 4.31 reduces to 


(A?) = (Ay?) + (Az?) = Y, 5;:%(sin? ф; + cos? $1) = > 612 (4.34) 
i 


The summation in Equation 4.34 is adequate if the number of collisions 
is relatively small. If the collision number is very large, integration is convenient. 
In the latter case, the number of nuclei in the infinitesimal cylindrical shell of 
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radius b must be multiplied by the square of the appropriate deflection angle 
before the product is integrated. Since the number of nuclei is givens by 
Ny(2arbdb)dx, then 


(A3 = | | 82n, (2a bdb)dx = | | E |» (2тьаБуах 


Атеороб 
bmax db ft dx | 
—8 2 232 | де au -22(72 (4.35) 
= 8r ro (mec?) NA mu. b Jo (poe (Z?/Mm)p . 


Here t is the thickness of the absorber and n, = Nap/Mm, where Na is Avo- 
gadro's number, and ro — e2/Ameom,c? is the classical electron radius. The 
values bmax and bmin are the maximum and minimum values of the impact 
parameter, respectively. 

Rather than attempt to evaluate the integrals in Equation 4.35, we wil! 
define a function B(T,Z, pt) with the units (тай. MeV)? - kg - m?/kg] for 
convenience in the discussion to follow. In the nonrelativistic case, 


a z2(Z2/Mm)pt | 2222 /Муајр! 
у= AA Мышь LAG. Zot) (4.36) 
(A?) = 0.157 B(T,Z, pt) "XS 0.157 B(T,Z, pt) AT? 
In the relativistic limit for electrons with B — 1, , 
LA z2(Z2/Mm)pt | Z(Z?/Mn)pt 
mes и Ета Кеси ст (4227) 
(А?) = 0,157 B(T,Z, pt) aay ~ 0.157 B(T,Z, pt) T(T + 2mec?) 


any | 
The values po and. % are for the incident momentum and speed, respectively. 
If the units of pt are kilograms per square meter and T' or pv is given in 
megaelectron volts, the resulting angle will be in radians. This functional form 
is useful because it is often sufficient to use В(Т,2, pt) = 1.0 [(rad · MeV)? 
- kg · m?/kg] for a first approximation for thin absorbers (1, 15). Some other 
values of B(T,Z, pt) are given in Table 4.1 (1, 23, 24). 


If single collisions producing large-angle deflections are ignored, a normal 
‘distribution can be used to describe the deflection probability for thin targets. | 
For deflection angle A we can write (15), 


T aAa 
р: 6% | 5р, |ua ; 
Va = (А2) — (A)? = (А2), (А)--0 | | (4.38) 


The fraction of the, total number of particles emerging with deflection angles 
less than or equal to some value 0 can be obtained by integrating Equation 
4.38 from А = 0 to A= Ө. : = m 

In summary, the major parameters determining the root mean square 
deflection angle ~/(A) are: | | 


| 1 | | A? |а 
== X — — елегі 
P(A)dA UA p EA 


1. Particle Properties · ч! | 
The root mean square deflection angle depends directly on the incident particle 
net charge and inversely оп {һе product of the incident particle momentum 
and speed. | 


мшш Bartle Energy Deposition in "idi | 81 


Table 41 Multiple Scattering Constant REZ pt) for Incident Protons in (rad - MeV)? 
- kg -m2/kg . 


Z= 10 Z= 50 

. w/e pt: 0.1 1.0 10- 0.1 1.0. 10 
0.0 11 1.3 1.6 0.8 1.0 1.3 
0.1 | - 1.0 1.3 5, 0.7 1.0 1.2 
1.0 0.6 0.9 11 06 | 09 1.1 


Data from Refs. 1 and 23. 
Values of pt are in kg/m?. 


2. Medium Properties | 
The root mean square deflection angle тт directly on V Z?/Mm and 
on the square root of the reduced thickness, 4/pt. >!” 


When comparing the scatter-induced divergence of a beam of electrons 
with that of a beam of heavy particles, one must remember that the electrons : 
have very little forward momentum when compared to heavy particles with 
the same speed. Thus, they are more easily deflected. The dependence on po?vo? 
in the denominator of Equations 4.36 and 4.37 ensures this tendency. When 
large-angle single scattering events are included for electron beams, the mean 
square deflection angle is, further accentuated, especially near the end of the 
path. At low speeds, collisions with atomic electrons and delta rays released 
at large angles complicate the distribution. In fact, deflection angles are suffi- 
ciently large for electrons so that backscattering is ‘significant (25, 26) at low 
energies. 

The particle and medium properties EROR in the summary above carry 
over for more sophisticated descriptions of the multiple scattering problem. 
‚ The functional form for the mean square scattering angle given by the Moliére 
theory (23, 24) is quite similar to Equation 4.36 except that Z? is replaced by 
Z(Z + 1) to account for the scattering due to atomic electrons. However, the 
Moliére distribution function is not a normal distribution. Figure 4.10 shows 
that the normal distribution fails at large angles for electron scattering. The 
Moliére distribution can be used to describe the electron data much more closely, 
even at large angles, as long as the absorber thickness and electron energy are 
within appropriate limits. 


4.5 Depth-Dose Curves for Charged-Particle Beams 


The subject of charged-particle depth-dose curves provides a useful example 
for application of many of the concepts and distributions introduced ‘in: Ше: 
last several sections. In the succeeding paragraphs, we will discuss Bragg ioniza- 
tion curves before depth-dose curves. Bragg curves for heavy particles are histori- 
cally important, since many of the fundamental ideas about range and specific 
ionization were formulated from air chamber data. Furthermore, the shape of 
the depth-versus-dose curve is easily related to the shape of the Bragg curve. 
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A Bragg curve is a plot of the average specific ionization versus the pro- 
jected distance along the central axis of a charged-particle beam in an absorbing 
medium. The name stems from the work-of W. H. Bragg, who first exaniined 
the ionization along the path of alpha particles in air (27). Figure 4.13 shows 
a Bragg curve as compared with an ionization curve for a single particle (28). 
It is immediately noticeable that both curves start out with a plateau at small 
depth and rise to a peak before they drop to zero. Although Bragg curves are 
measured in air, the shape is largely independent of the medium (low Z). 

The general appearance of the heavy-particle Bragg curve can be explained 
from principles developed in Chapter 2. The increase in ionization near the 
end of the path occurs because the stopping power is inversely related to the 
square of the particle speed. Thus, ionization density rises as the particle slows. 
Of course, the ionization must drop to zero when the energy of the incident 
particles has been dissipated. In fact, the ionization cross section falls to zero 
at the energy corresponding to the ionization potential of the medium. The 
two effects in sequence produce the Bragg peak. 


IONIZATION 


INDIVIDUAL PARTICLE 


DEPTH 


IONIZATION 


Figure 4.13 The specific 
ionization curve for a single 
particle and the Bragg curve for 
a beam of particles in air are 


DEPTH X shown (28). 
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From Figure 4.13 it is evident that the average specific ionization does 
not drop abruptly after the peak is reached but diminishes over a noticeable 
distance. Effects of the ionization cross-section curve and the effective charge 
have been discussed in Chapter 2. Major contributions to the width of the 
‘Bragg peak come from straggling and multiple scattering. As was discussed 
in Section 4.3, one particle may not ionize at exactly the same rate as another, 
even when they both have the same energy mass and charge. This contributes 
to the level of fluctuations in path length for particles in a beam. Furthermore, 
multiple scattering produces fluctuations in the net angle of deflection for identi- 
cal particles in a beam. These angular deviations also contribute to fluctuations 
in penetration depth. Both effects tend to broaden the Bragg peak. 

An analytical function relating the specific ionization of an individual 
‘particle and the average specific ionization for a beam of identical particles 
can be developed using the distribution in projected path length for the particles. 
Suppose i(t — d) stands for the specific ionization for an individual particle 
given as a function of residual penetration distance, and 1(4) is the average 
specific ionization for monoenergetic incident particles in a beam. In this case 
t is the projected path length for the individual particle, and d is the central 
axis depth. Then, the differential contribution to the Bragg ionization function 
(5) is given by 


а= 1—94 | ж (4.39). 
| 


In Equation 4.39, аф is the number of particles per unit area with projected 
path length between t and t + dt, and фо is the total number of particles per 
unit area incident on the surface. If the projected. path-length distribution is 
normal with variance V, and projected range R, Equation 4.5 can be used: 


bi ғо 12 ~. EE 
2 |. = | aA = ===; (4.40) 
I(d) El x. i(t a) exp| 77 


The variable F is the distance from the point source of particles to the surface 
of the ionizing medium. The quantity in brackets indicates that divergence of 
the beam affects the average ionization along the central axis. It is assumed 
that F > d. The parameter У, is related to the Bragg peak width in this equation. 
Notice that when d is larger than R; + МУ, the individual specific ionization: 
is integrated over only a small fraction of the area of the normal distribution; 
thus, 1(4) decreases to zero when d > Кү. · 

When beams of charged particles are used in practical situations, it is 
usually important to know the deposited energy density as a function of depth. 
In particular, knowledge of the percent depth dose for the radiation beam at 
all relevant depths may be necessary. The percent depth dose P(d) is defined 
as the quotient when D(d), the dose at depth d, is divided by the maximum 

value of the dose, D(m), and multipled by 100. Thus, 


P(d)—100D(dyD(m)  - : (4.41) 
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P(d) is often displayed as a function of depth along the central axis of the 
beam, although values off the axis may also be required. 

It is evident that the shape of the central axis percent depth dose Curve 
for charged particles is closely related to the shape of the Bragg ionizatio 
curve. Recall from Equation 2.25 that the product of the individual specific 
ionization i and the average energy per ion pair W, gives the rate of па етар al 
energy loss. Suppose that a beam of particles is incident normally at central 
axis on area A. For a single particle, the energy per unit mass absorbed in an 
infinitesimal mass element of volume Adx centered on the particle path is 

dE/dm _ dE/dx _ Сат/ах)г _ Wi (4.42 
| рА pA pA 
. Equation 4.42 holds if the particle passes straight through the element dr 
‘and if the energy absorbed in element dm is the same as the energy lost by 
the particle in dx. For a diverging beam:of N particles at normal incidence 
along the central axis on an area A at depth d: 


н ка 
x —- а) P(d) = 100 as 


In Equation 4.43 the dose is in grays at depth а along the central axis if фо 
is the particle fluence at the surface of the absorber. 1(4) has the shape of the 
Bragg ionization curve described by Equation 4.40, although the ‘absorber is 
_usually not air. The relationships in Equation 4.43 are adequate if the effects 
of delta-ray energy losses, bremsstrahlung, and the scattering of primary particles 
out of the beam are not severe. 

Several illustrative central axis percent depth-dose curves are shown in 
Figure 4.14 (29). The curve for the proton beam has the traditional sharp Bragg 
peak expected when straggling and multiple scattering are minimal. Both of 
the electron beam curves show decided effects of straggling and multiple scatter- 
ing. Low-energy electron contamination in the incident beam may also compli- 
cate the situation. Indeed, the Bragg peak is not discernible at higher electron 
energies. The tail at large depth for the electrons is due to bremsstrahlung 
produced in the absorber. Some tables of electron percent depth dose in water 
are given in Appendix 8. 

Figure 4.15 shows an isodose curve for an electron beam in water. An 
isodose curve is a display of contours of constant percent depth dose in some 
plane, usually through the central axis. Because of scattering effects at large 
depth, the peak area is reduced in lateral dimensions and the dose pattern 
extends out well beyond the limits indicated by field edge divergence. 

A final example of a percent depth-dose curve is shown on Figure 4.16 
for a high-energy negative pion beam (29, 30). Notice that the curve has a 
shape similar to a Bragg curve with a peak clearly defined. For the pion beam, 
the Bragg peak is greatly enhanced by the formation of stars near the end of 
the pion path. The stars are produced when nuclei in the medium absorb the 
pions and disintegrate into heavily ionizing fragments. Notice that the region 
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Figure 4.14 Percent depth dose curves for proton and electron beams аге shown. Dashed 
lines indicate projections in the absence of bremsstrahlung. Adapted from H. E. Johns 
and J. R. Cunningham, The Physics of Radiology, 3rd Ed. (Charles C Thomas, Springfield, 
Ш., 1969). 
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Figure 4.15 Ап isodose curve for a 13-MeV electron beam is shown. The numbers 
on the central axis are percent depth dose values. 
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of the high dose is limited in extent since pion absorption by nuclei occurs 
only at low pion energy (degraded) and the range of the nuclear fragments is 
limited. 


4.6 Problems 


1. Using Equations 4.8, calculate the thickness of water that will transmit 
50% of the beta rays emitted from a thin 995г source. ; 

2. Use Equation 4.13 to calculate the range of a 5-MeV. alpha particle in N2 
gas at 760 mm Hg pressure. Assume that the exponential integral at T'; 
(low-energy limit) and R,(T1) can be neglected. — 

.3. Calculate the range of 100-keV, 500-keV and 1-Mev electrons in aluminum 
from Equations 4.15. | 

4. If the range of ап Не+ + ion was measured as 1.5 cm in aluminum, estimate 
the range in graphite. 

5. Calculate the ratio of the range of a 14-MeV 14N*** ion to the range of 
a 1-MeV proton. Use Equation 4.18. : 

6. Calculate the ratio of the range of a 14-MeV 13+ * * ** ion to the range 
of a 1-MeV proton. Use Equation 4.18. | 

7. Calculate the standard deviation in the residual energy of 10-MeV protons 
after they have passed through 0.03 cm of aluminum. Я 

8. Calculate the full width at half maximum (FWHM) of the distribution in 
residual energy of a 20-MeV proton beam after it has passed through 0.02 
cm of aluminum and 0.04 cm of aluminum. FWHM = 2.360 for a normal 
distribution. к | 

9. Multiple scattering determines the divergence of the bremsstrahlung beam 
in a betatron with 0.2-mm-thick tungsten target since the photons emerge 
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13. 


nearly tangent to the direction of travel of the electrons prior to emission. 
Suppose that the full width at half maximum (FWHM) of an 18-MeV beam 
is 5°. What would the FWHM be for a 25-MeV beam? 


. Obtain the algebraic expression for B(T,Z, pt) in terms of the double integral 


using Equations 4.35 and 4.36. 


. What is the probability that a particle deflection will fall within a cone of 


half angle ~/(A?) for the normal distribution of Equations 4.387 


. Estimate the ratio between the path length and the projected path length 


for 1-MeV electrons in a 0.2-mm-thick piece of tungsten. 
What incident electron fluence is required to deposit 0.01 Gy at T = 10. 
MeV in water? Use Equation 4.43 and assume W/e — 30 eV. 
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51 Introduction 


In Chapter 1 indirectly ionizing radiations were described as agents of energy 
transfer that ionize primarily through liberated, charged secondaries. Their initial 
interactions in matter occur through some means other than the coulomb force, 
since they have zero net charge. Indirectly ionizing radiations often cause charge 
separation during an initial absorbing event. However, the bulk of the ionization 
occurs thereafter, during the degradation of the fast-electron or positive-ion 
secondaries. 

Because of the nature of the process, it is helpful to divide energy transfer 
for indirectly ionizing radiations into two stages. A discussion of the first stage 
must include an outline of the reactions of primaries. For the second stage 
one should deal with degradation of secondaries. In succeeding chapters, we 
will consider the initial primary reactions; the general mechanism for energy 
transfer by fast charged particles has already been discussed in the preceding 
chapters. Some attention will be given to specific details about charged secondar- 
ies and their effects in later chapters. 

The properties of several types of indirectly ionizing radiations (1) are 
given in Table 5.1. The species listed have few common characteristics other 
than the absence of a net charge. They react with other particles by three 
different basic interactions (2). Of the radiations listed in the table, only photons 
and the neutrons will be thoroughly discussed since they are the indirectly 
ionizing radiations with most practical significance. Photon beams are widely 
used in medical and industrial applications. Neutron reactions will be considered 
because of the applications to reactors and because accelerator-generated neutron 
beams may be more common in the near future in clinical centers. 
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Table 5.1 Properties of Several Indirectly Ionizing Radiations 


Name Charge Interaction Atomic Mass (u) Mc? (MeV) 
Photon 0 Electromagnetic (0510-21 
Neutron 0 Nuclear 1.0087 939.6 
Neutrino | 0. Weak (6)10-5 
Pion (neutral) | 0 Nuclear 0.1449 134.0 


Data from Ref 1. 


The properties of the photon have been fully discussed in other texts (3, 
4). A brief review will be given here to contrast with the description of the 
neutron, which will follow. As the reader may recall, photons are pulses ot 
electromagnetic radiation with specific energy content, which are emitted aud 
absorbed as indivisible units. Their energy is directly proportional to the fre- 
quency of the associated oscillatory electric and magnetic fields. Photons are 
uncharged and have an intrinsic spin of 1 Йй and no magnetic moment. They 
are massless and travel with the speed of light in vacuum after emission. Photons 
can be diffracted and polarized because of the accompanying oscillatory fields. 
They interact by virtue of these fields with charged particles or collections of 
charged particles, which can sustain an electric or magnetic moment. The electric 


dipole moment of the absorber is important in common absorption reactions | 
(4). Photons that are emitted from the nucleus are called gamma rays; photons | 


emitted in extranuclear atomic processes are called x rays. In spite of the different 
names, a gamma ray cannot be distinguished per se from an x ray of identical 
energy. | 

The neutron symbolized by іп is а massive particle/that decays in free 
space with a half-life of 10.6 min, according to the reaction (5): 


AE Deon pA | | (5.1) 


where 1р is a proton, /87 stands for a negative beta particle and у indicates 
an antineutrino. In spite of this reaction, the neutron is not a particular bound 
state of an electron and a proton. Rather, the internal structure must involve 
bound particles more massive than electrons, including mesons (6). Since the 
neutron has spin 4 й and a magnetic dipole moment of —1.9 nuclear magnetons 
(7), at least some of these particles are charged. As is shown in Figure 5.1, 
the charge distribution contains both negative and positive contributions (8). 
The neutron reacts with other particles primarily via the nuclear force, 
which has very short range, about 10714 m (2). At low energies, interactions 
involving the magnetic dipole moment of the neutron and the magnetic dipole 
moment of some other particle can occur, but these are usually of little practical 
consequence. | 
Since the photon and the neutron have such different properties, a discus- 
sion of the two of them in a common analytical framework may not seem 
plausible at first. Actually, the use of a common notation is helpful when the 
reactions involved are summarized mathematically in terms of reaction probabili- 
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Figure 51 Тће charge 
distribution for the 
neutron has both positive 
and negative parts, 
although the net charge - 
is zero. Since the negative 
charges occur at large 


05 10. 15 | 
mF radius, the magnetic 
RADIAL DISTANCE (10 m) moment is negative. 


RELATIVE CHARGE IN SPHERICAL SHELL 


ties. Consideration of the two in a common framework is appropriate in our 
context, since absorption and scatter effects play an analogous role in energy 
transfer for both photons and neutrons. A systematic set of relationships involv- 
ing reaction cross sections, the attenuation of beams, and deposition of energy 
will be given in Sections 5.2, 5.3, and 5.4. They can be applied to both neutron 
and photon beams. 

In succeeding chapters the many reactions resulting in energy transfer 
and scatter will be considered individually for photons and then for neutrons. 
These processes can be summarized in a list of reaction categories similar to 
that given in Chapter 2 for charged particles. Indirectly ionizing radiations 
are involved in: 


1. Elastic reactions with electrons or collections of electrons; 
2. Inelastic reactions with electrons or collections of electrons; 
3. Elastic reactions with nuclei or collections of nuclei; 

4. Inelastic reactions with nuclei or collections of nuclei. 


In Chapters 6 and 7, photon reactions that fall into categories 1, 2, and 4 
will be considered. In Chapters 8 and 9, neutron-induced reactions will be consid- 
ered; they fall into categories 3 and 4, since the strong interaction dominates. 


5.2 Cross Sections and Coefficients 


Individual particles in a beam of indirectly ionizing radiation often participate 
in reactions resulting in their complete removal from a beam in a single event. 
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These reactions are in contrast to the processes attributable to the coulomb 
force, which dominate for directly ionizing radiations. In most cases, directly 
ionizing radiations undergo an extended series of energy transfer events before 
they are thermalized. 

The distinction between multiple energy transfer events for MAN "no 
cles and single-event removal for uncharged radiations is not absolute. Single- 
event absorption occurs for charged particles in nuclear reactions (9), although 
these nuclear events have relatively low probability of occurrence. Furthermore, 
scatter reactions in broad beams of indirectly ionizing radiation can cause a 
gradual spectrum energy degradation with penetration depth, rather than a 
net loss in particles in the beam. Nevertheless, because of the importance of 
single-event removal from a narrow beam, the reaction cross sections for indi- 
rectly ionizing radiations are commonly related to removal coefficients and not 
to stopping powers. The coefficients in turn can be used to generate exponential 
beam transmission relationships for narrow monoenergetic beams. Furthermore, 
the concepts of path length and range that are helpful in discussing absorption 
of directly ionizing radiations are not so useful when photon and neutron beams 
are discussed. The mean free path and half value thickness (HVT) are much 
more important. 

The reduction in the number of particles in a radiation bean as it passes 
through an absorber is called attenuation. A description of the attenuation of 
either photon or neutron beams usually begins with the reaction cross séctions. 
Recall that the cross section o can be defined as the probability реп target - 
per unit area for a given reaction. Using the notation discussed іп Chapter 2, 


__- 4%/Ф 


972 
nydx o 


where the incident fluence is ф and —аф is the fluence removed in a slab of 
absorber of infinitesimal thickness dx. Then nydx is the number of targets per 
unit area for the absorber. In any case 


—d4/4: -тусах- рах, р = Ny Oo = Nm po (5.3) 


Equation 5.3 can be taken to define the linear attenuation coefficient |, as the 
product of the number of targets per unit mass mm, the mass density p, and 
the cross section for the reaction. As such, it represents a reaction probability 
per unit thickness for an absorber of infinitesimal thickness and has units of 
reciprocal distance. 

The ideas and symbols used to define the attenuation coefficient are familiar 
to students previously introduced to photon reactions. When neutron beam 
attenuation is discussed, the Greek letter = is often used instead of u to symbolize | 
the reaction probability per unit thickness and is called the macroscopic cross 
section in that context (10). In the following sections and chapters, the symbol 
p and the phrase “linear attenuation coefficient," will be used for all indirectly 
ionizing radiations, neutrons as well as photons. This choice allows a unified 
discussion. 


When absorption of ultraviolet light in solutions is discussed, the molar 
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extinction coefficient € is often utilized (11). One should realize that the extinction 
ccefficient is directly proportional to the linear attenuation coefficient although 
it is expressed in units that are convenient in absorption chemistry. Then 


€ =(p/C)) In 10 =0.434p/C; (5.4) 


The symbol C, stands for the solute concentration in moles per liter. The extinc- 
tion coefficient is expressed in liters per mole meter. 

Probabilities for independent processes can be added to obtain the total 
probability. Since the cross section for a specific reaction can be viewed as a 
probability expressed in particular units, the total cross section for all relevant 
reactions can be given as a sum of cross sections for individual reactions. A 
similar statement can be made for the linear attenuation coefficient. Thus, for 
photon or neutron beams, it is sensible to write 


Ы = ps + ра = ngp(os + Oa) ЕКЕУ 


where subscripts's and а stand for scatter reactions and absorption reactions, 
respectively. The cross section values с; or са may each refer to the sum of 
several specific processes. For example, for neutrons o's would include the cross 
section for elastic scattering, whereas ба would be given by the sum of cross 
sections for all neutron-induced absorption reactions, including radiative capture 
reactions and neutron-induced fission. Similarly, for photons the cross section 
o; would be given by the sum of cross sections for coherent and incoherent 
scattering. The cross section оға for photons would include the cross sections 
for the atomic photoelectric effect, pair production, and photonuclear reactions. 

There are several other coefficients, defined for indirectly ionizing radia- 
tions, that are closely related to the linear attenuation coefficient and have great 
utility in specific circumstances. Among these quantities are the mass attenuation 
coefficient, the mass energy transfer coefficient, and the mass energy absorption 
coefficient. In the next three paragraphs, these coefficients will be defined in a 
manner similar to that used by the ICRU (12). 

The mass attenuation coefficient p/p of a medium for indirectly ionizing 
Particles is the quotient of dN/N by pdx, where dN/N is the fraction of particles 
that experience reactions in distance dx in a medium of density p: 


dN/N 


(5.6) 
pdx 


B/p = 


Note that Equation 5.6 is consistent with Equations 5.3, since dN/N is equivalent 
to аф/ф. __ 

As was shown in Equations 5.3 and 5.5, the linear attenuation coefficient 
is a direct function of the density of the absorber p. Because of this, it has 
a different value for each different physical state of an atomic absorber: solid, 
liquid, or gaseous. Furthermore, the linear attenuation coefficient will fluctuate 
between elements with similar atomic number in the same physical state because 
of fluctuation of the mass density of neighboring elements. When the density 
is divided out, the effects of physical state and of density fluctuations are removed 
for the most part. Mass attenuation coefficients tabulated for a limited number 
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of elements have wide utility because one can interpolate between elements on 
the table to obtain the coefficient for an unlisted element. The situation is analo- 
gous to that of the stopping power and the mass stopping power discussed in 
Chapter 2. A tabulation of photon mass attenuation coefficients [ог some ab- 
sorbers is given in Appendix 9. 

The mass energy transfer coefficient |ш./р of a medium for indirectly 
ionizing particles is the quotient of dEw/EN by pdx, where E is the energy 
of each particle (excluding rest energy), N is the number of particles, and 
dE,,/EN is the fraction of the incident particle energy that is transferred to 
kinetic energy of liberated charged particles in traversing a distance dx in a 
medium of density р: · 


dE«/EN EN 
pe/ p = Er (5.7) 
pe/p involves only energy losses that result in charged-particle kinetic 
energy. For photon beams the energy is transferred to electrons almost exclu- 
sively; for neutron beams in aqueous ш; the energy is often transferred to 
‘protons. 

The mass energy absorption coefficient мел/р of a medium for indirectly 
ionizing particles is the product of the mass energy transfer coefficient, ptr/P, 
and (1 — g), where the symbol g stands for the fraction of the energy of the 
liberated charged particles that is lost to bremsstrahlung in the material: | 


Hen/p = (1.— g)bu/p = =[(1— БЧК EN pdx (8. 8) 


Hen/ р and ptr/p values do not differ fppreciaply for neutron beams, since the 
ion secondaries from neutron absorption produce very little bremsstrahlung. 
The factor g cannot always be ignored when electron secondaries are liberated 
by high-energy photon beams. If the electron secondaries were monoenergetic, 
g would be equal to the radiation yield discussed in Chapter 3. For many 
processes g will involve an average of yield values for a spectrum of secondary 
‘electron energies. Note that the energy included іп g is only due to bremsstrah- 
lung and does not involve characteristic photons produced after ionization events 
in K and L shells. 

If any of the foregoing mass coefficients must' be found for a molecular 
substance and values (р/р): аге known for the constituent atoms, one can use 


p/p = > е(и/р) | (5.9) 


where ei is the fraction by weight of the ith element іп the molecule. Generally, 
this equation is suitable because binding energy effects can be neglected. Equation 
5.9 is an analog of Bragg’s additivity rule for stopping power given in Chap- 
їег 2. | 
| In the preceding paragraphs, reaction probabilities and energy transfer 
coefficients have been defined. The remaining topics relate to the penetration 
of photons or neutrons. There are two quantities commonly used: 1) the mean | 
free path and 2) the HVT. Because there is no way to know in advance the 
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actual distance a given photon or neutron will travel before being involved in 
a reaction, these quantities both involve averages for a beam of identical un- 
charged particles. 

The mean free path A for an indirectly ionizing particle is the average 
distance (x) between successive interactions: 


| xP(x)dx 
d= (x) =—— = 1/p (5.10) 
| P(x)dx 


P(x)dx is the probability that the particle will participate in a reaction after 
traversing a distance between x and x + dx. Since the linear attenuation coeffi- 
cient is the reaction probability per unit distance, it must be equal to the recipro- 
cal of the average distance traveled prior to a reaction. 

“Тһе half value thickness, HVT, is the absorber thickness that will reduce 
the beam fluence to half of its original value. Since the attenuating properties 
of various absorbers are quite different, HVT values for different absorbers and 
different beam energies are often quite different. This subject is discussed in 
more detail in Section 5.3. 


5,3 Attenuation of Beams 


Exponential attenuation is the result of single-event removal of particles from 
a monoenergetic beam of indirectly ionizing radiation in an absorber. From 
Equation 5.3, 


= иа. Ind =—px + C 


In ġo=0 +C,  In(b/bo)=—px, Фф = фо Бро) (5.11) 


where С is the constant of integration, and the boundary condition is ф = фо 
when x = 0. 
Notice that an expression for the HVT of the radiation beam can be 


obtained from Equation 5.11. If 
1 == ф/фо = ехр[-Ш(НУТ)), In2=p(HVT), HVT =0.693/p (5.12) 


The HVT is inversely proportional to the linear attenuation coefficient р when 
attenuation follows the exponential law. The relationship between the HVT 
and the exponential form is illustrated in Figure 5.2. 

It is important to realize that the relationships given in Equation 5.11 
and 5.12 involve the effect of superposition of an absorber between the source 
of radiation and the point where the beam will be used. They do not include 
any effect on the fluence because of geometrical divergence of the beam. Thus, 
ф and фо are values obtained at the same relative distance from the radiation 
Source. 
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Figure 5.2 The exponential form of the transmission of a beam of indirectly ionizing 
radiation through an absorber is shown. Each added HVT of absorber reduces the 
` transmission to half of its previous value. 


= The fractional reduction in fluence with increasing distance from a point 
source can be calculated using the inverse square law. Since emissions from a 
point source have radial directions, they intercept a spherical shell centered 
on the source at perpendicular incidence. The area of such a shell is 4777, 
where ғ is the radial distance from the center. Thus, the fluence at distance r 
is inversely proportional to r2. This proportionality does not hold in practical 
situations unless source dimensions are much smaller than the distance r. For 
relatively large sources, the effective distance is more difficult to estimate. 

In an experimental situation, a truly exponential relationship for attenua- 
tion is found for monoenergetic beams only if the measurements are made using 
narrow-beam geometry. This situation is illustrated in Figure 5.3. The condition 
for narrow-beam geometry is that the largest dimension of the beam spot on 
the absorbing material must be much less than the distance between the absorber 
and the position where the beam is to be used or measured. In this case the · 
greatest part of the radiation scattered in the absorber will be directed out of 
the region of interest. Severe collimation is usually required to meet this condi- 
tion. ut Злы 

Broad-beam geometries are commonly encountered when radiation is used 
in medical and industrial situations. In such cases an appreciable contribution 
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from scattered and secondary radiation is present in the transmitted beam. The 
total fluence ф; is given by 


ф‹. = hp t Фф» + he > фр (5.13) 


where фр is the fluence due to the primary beam; фз is the fluence due to the 
scattered radiation; and фе is the fluence emitted in the absorber as a secondary 
component (such'as bremsstrahlung). The extra fluence, over and above transmit- 
ted primary radiation, is often referred to as scatter buildup radiation. 

The effect of buildup radiation is illustrated in Figure 5.4, where the frac- 
tional transmission is graphed on semilogarithmic paper for a monoenergetic 
beam of radiation. The dashed line, which is expected for exponential attenuation, 
is located under the experimental result. The difference between the two curves 
on the figure is due to the scattered and emitted fluence. It is evident from 
Figure 5.4 that the ratio of buildup to primary radiation in the beam is an 
increasing function of the thickness of the absorber. It is also an increasing 
function of beam size. | 

А practical example of the effect of the scattered radiation occurs in radiog- 
raphy with a broad x-ray beam. The radiation scattered in the subject that 
reaches the film reduces the contrast in the image. When large fields and thick 
subjects are involved, the effect is very troublesome. Devices called grids are 
often installed between the subject and the film; they preferentially remove 
the scattered radiation (13) and produce an improved image. | 

In Figure 5.4, the absolute value of the slope of the broad-beam transmis- 
sion curve increases from the initial value at small absorber thickness to а. 
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larger value at somewhat greater thickness. After this initial increase, the slope 
is nearly independent of absorber thickness. It is generally true that broad- 
beam semilogarithmic transmission curves have approximately constant slope 
at very small transmission values (14, 15). Because of this fact, an equilibrium 
HVT for broad beams can be used in approximate shielding calculations for 
thick protective barriers. 

If the incident radiation beam is not monoenergetic, the transmission curve 
generally will not have the form of a true exponential, even under narrow- 

‘beam conditions. The reason is because the attenuation ‘coefficient is a function 

of energy for indirectly ionizing radiation. Figures 5.5 and 5.6 (16, 17) illustrate 
the dependence on energy for a photon and a neutron beam, respectively. The 
structures that depart from smooth dependence are the K and L edges for 
photons (Figure 5.5) and absorption resonances for neutrons (Figure 5.6). These 
phenomena will be discussed in upcoming chapters. 

For photons, the attenuation coefficient is always large at low energies 
and generally decreases as the energy increases until a minimum value is attained. 
When an inhomogeneous beam with wide energy range (but maximum energy 
less than the energy of the minimum in the coefficient) is employed, the transmit- 
ted spectrum is changed after the addition of a thin absorber. The beam is 
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Figure 5.5 The mass attenuation coefficient for a lead absorber for photons has an 


absolute minimum at about 3 MeV (16). 
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Figure 5.6 The mass attenuation coefficient for a cadmium absorber for 


neutrons has a large maximum at 0.3 eV (17). 
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said to be filtered, since the lowest energy photons are selectively absorbed 
out. It is evident that filtration leaves a more penetrating residual beam. Because 
of this, the average attenuation coefficient for the filtered beam is decreased 
and HVT is increased. The same general conclusion applies to a Erga SpPEN 
neutron beam emerging from a thin cadmium absorber. 

If one measures the narrow-beam transmission for an ино ЕЕ бы m 
using successively increasing absorber slab thicknesses, the deviation from the 
exponential relationship becomes apparent. Figure 5.7 shows such a transmission 
curve for photons produced by an x-ray generator operating at 250 kVp. In 
this circumstance one can measure the first and second half value thicknesses 
НУТ, and НУТ», greeted and calculate the homogeneity coefficient y de- 
fined by 


| HYT; 
‘HVT; 


(5.14) 


Narrow monoenergetic beams have 1 = 1; for inhomogeneous, narrow photon 
beams, 7 < 1. 

Beams from diagnostic x-ray machines are routinely filtered with thin 
aluminum sheets. Figure 5.8 shows the transmitted beam spectrum from an 


Figure 5.7 The 

transmission of a beam of 

x rays with a continuous 
. spectrum has an HVT» 
THICKNESS (mm) larger than НУТ). 
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RELATIVE PHOTON FLUENCE 


Figure 5.8 The addition 
of aluminum filters in the 
beam of an x-ray machine 
operating at 100 kVp 
preferentially removes 
low-energy photon 

20 40 60 80 100 components. Adapted 

PHOTON ENERGY (keV) from Ref. 19. 


x-ray machine before and after the addition of several external filters (18, 19). 
Notice that the lower energy components are preferentially removed by the 
filter, although some x rays are lost at even the highest energies. The low- 
energy components, which are filtered out in great number, have very small 
probability of contributing to the image in the x-ray procedure. Yet they would 
add unwanted superficial patient dose. 

For either photon or neutron beams with inhomogeneous spectra, it is 
sometimes useful to find the equivalent energy of the beam. The equivalent 
energy of an inhomogeneous beam is equal to the energy of a monoenergetic 
beam, which has the same transmission value for the particular absorber under 
consideration.. In practice one can measure the effective attenuation coefficient 
Мен for the beam and estimate the corresponding photon energy from a table 
of attentuation coefficient values. Pert is defined by | 


exp[—p(E)x]>(E) aE | In(1/Tm) 


exp(—pagx)= жа mec Тт» рате (5.15) 


| Ф(Е)аЕ 4 
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where x is the absorber thickness, Ф(Е)АЕ is the photon fluence distribution, 
and Tm is the transmission of the inhomogeneous beam. The integration must 
include the complete spectrum of energies. 


5.4 Kerma and Dose Relationships 


The concept of charged-particle equilibrium will be discussed in this section, 
and a relationship between the absorbed dose and the incident fluence of photons 
or neutrons will be developed. In Section 5.5 these ideas will be extended so 
that the exposure for photon beams can be related to the dose for several practical 
situations. | 

As а first step, recall that the kerma is the charged particle kinetic energy 
transferred from indirectly ionizing beams per unit mass of absorber. If the 
Kerma K is expressed in grays, 


dEr dEw _ , dEw/N 


(5.16) 
dm pAdx pdx 


Equation 5.16 relates to the case where N monoenergetic particles are in perpen- 
dicular incidence on the face of a small parallelepiped of mass pAdx, where p 
is the density, A is the area of the face, and dx is the thickness. The inci- 
dent fluence ф is therefore N/A. The average particle energy loss is such that 
dE,,/N is transferred to charged-particle kinetic energy in the medium in flis- 
tance dx. If the kerma is in rads, a factor of 100 must be included with’ the 
kinetic energy transferred dE ty. | 
When the mass energy transfer coefficient (шер) is applied (19), 


K r/ (5.17) 


For an inhomogeneous beam, with fluence spectrum Ф(Е)аЕ, 
к-(ЕфЕурь/руав (5.18) 


Equations 5.17 and 5.18 clearly show that K is a function of incident 
particle energy E. Figure 5.9 shows the kerma per fluence for a neutron beam 
in water and muscle tissue (20). Figure 5.10 gives the kerma-to-fluence ratio 
for a photon beam in water (16). The kerma-to-fluence ratio for a photon beam 
in muscle tissue is quite similar to the water value. It is interesting to note 
that for 250-keV neutrons, a fluence of 10:5/т2 produces a tissue kerma of 
about 1 Gy. However, a fluence of 1015/m? photons gives 1 Gy at 2.5 MeV. 

With the preceding equations in mind, the terms “radiation equilibrium" 
and “‘charged-particle equilibrium" сап be discussed. These concepts have been 
presented previously in many places (21-23). Refer to Figure 5.11 where an 
element of mass m is shown in the large volume V. This mass is under irradiation. 
Radiation equilibrium is said to exist in m when every type of radiation with 
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Figure 5.9 The kerma per fluence of neutrons increases with increasing energy for a 
water absorber. The large values at low energy for muscle tissue are due to neutron 
particle reactions in the nitrogen constituent (20). 
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Figure 5.10 The kerma per fluence of photons has a minimum at about 60 keV in 


water (16). The values for muscle tissue are about 2% larger than those shown at lower 
energies and about 2% smaller than those shown at higher energies. 
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Figure 5.11 Radiation 
equilibrium is illustrated 
for mass m centered at 
point P in medium V. A 
and B are identical 
radiation particles paired 
so that the net energy 
transferred out of m is 
zero. Adapted from Ref. 
23. 


energy E that enters т can be matched with an | identical radiation that leaves 
m with the same energy. If we suppose that 4 and B on the figure represent 
identical radiations and that if 4 enters the element, B leaves the element; 
then the two constitute a pair. If all radiations entering and leaving m can be 
paired in this way, radiation equilibrium exists in т. 

Radiation equilibrium can occur in situations where radioactive materials 
are uniformly imbedded in a large volume of absorber; otherwise, it is difficult 
to achieve. When indirectly ionizing radiations are used, there are two radiation 
components in the absorber material: the uncharged primaries and the charged 
secondaries. Equilibrium of the secondaries may be considered exclusive of the 
primaries. 

Charged-particle equilibrium is a special case of radiation equilibrium 
wherein the restrictions on the indirectly ionizing components are lifted. 
Charged-particle equilibrium is said to exist for element m when every charged 

| particle with energy E that enters m can be matched with an identical particle 
that leaves m with the same energy. 

Necessary conditions for charged-particle equilibrium during irradiation 
by indirectly ionizing beams include uniformity of the indirectly ionizing compo- 
nent and a homogeneous absorber (21). In practice, when external beams of 
neutrons or photons are employed, the conditions for charged-particle equilib- 
rium can only be satisfied in the limit when the mean free path of the primary 
beam is much greater than the charged-particle range and the incident fluence 
is uniform over an area with dimensions much larger than the charged particle 
range. Table 5.2 gives some values for mean free path and secondary- -particle 
range for several neutron and photon beams (23). For example, conditions for 
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Table 5.2 Mean Free Path (A) and Maximum Range in Tissue 


Photon or Neutron Photon Secondary Electron Neutron Secondary Proton 
Energy (MeV) А (ст) Maximum Range (ст) À (ст) Maximum Range (ст) 
0.3 8 0.08 1.7 0.001 
1.0 14 0.43 : 4.2 0.003 
3.0 26 1.47 6.7 0.016 
10.0 46 4.90 17.0 0.140 


gs — —— 


Data from Ref. 23. 


charged-particle equilibrium are clearly violated in the region near the boundary 
between the materials of widely different composition. 

Charged-particle equilibrium is a sufficient condition for measurement of 
the exposure, as defined in Chapter 1, with an air ionization chamber. All 
ions produced by electrons liberated in the chamber must be collected. Of course, 
some extra ions collected in the chamber are produced by electrons liberated 
outside the chamber. Similarly, some ions will not be collected because electrons 
liberated in the chamber volume are projected out of the collection region. If 
charged-particle equilibrium is ensured, a balance in charge lost and charge 
gained will occur, which allows an accurate measurement. 

Consider again the absorbed dose in a mass m. Recall that 


Ep = V En | $0 — X; Еол (5.19) 


where Ey is the energy absorbed in the mass element m; XE is the sum of 
the energies carried into the element by radiation; 2 Еош 15 the sum of the 
energies carried out of the element by radiation; and ХО is the sum of the 
net energies released in the element due to mass conversion. Rest mass energies 
are excluded from incoming and outgoing sums and are included explicitly 
only when there is a net. conversion of mass to energy. Using subscripts c and 
u to indicate charged and uncharged radiation contributions, respectively, means 
that 


Ep = X (Em) + 2294, Y (Eoutle + 2 (Еији + У Qu — ХЕша 620 
Suppose that charged-particle equilibrium holds; then 
Y (Еп) = > (Еви је 
Ер = У О + У(Епји — $ (Eout)u (5.21) 


If no bremsstrahlung escapes, the difference in the energy sums for the uncharged 
particles in the second of Equations 5.21 is Ex, the kinetic energy liberated. 
If bremsstrahlung is produced and particle induced mass change reactions do 


not occur, then 
Ep = Ex — У(ћује = Ex(1 — 8) (5.22) 
where (Av), represents the energy of bremsstrahlung photons that escape. The 


fraction of the liberated kinetic energy that is radiated away as bremsstrahlung 
is given the symbol g, as was done in Equation 5.8. 
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Suppose these equations relating Ep and Ex in mass m hold in the infinitesi- 
mal limit; then dEp and dEx are energies for an absorber of mass dm. The 
(8955 D and kerma К сап be substituted for the energy density: 


=(1—g)K D. Ow) 


Equation 5.23 is the basic result 3 charged-particle equilibrium with no added 
particle induced mass conversion. More generally, the kerma and the dose can 
be related by 


D=bK . ) (5.24) 


where b is (һе kerma-to-dose conversion factor, left unspecified. 

The kerma-to-dose conversion factor for an external beam in an absorber 
is not a constant but depends on such parameters as beam quality, size of 
field, and the depth of penetration into an absorber (13). If we consider broad 
beams with flat fluence profiles and low-energy secondaries with very short 
range, the kerma and dose are nearly equal along the central axis at all depths. 
If the beam produces high-energy secondaries with appreciable range, the kerma- 
to-dose relationship is more complex. Figure 5.12 illustrates these two situations 
(24). 4 

For high-energy indirectly ionizing external beams, the kerma-to-dose con- . 
version factor is less than (1 — g) near an air-absorber surface because of charged- 
particle buildup. Charged-particle buildup occurs because many of the charged 
secondaries are projected forward. Imagine that the absorbing material is divided 
into very thin layers 1, 2, 3, and so forth, with layer 1 on the air interface of 
the absorbing medium. Successive numbers indicate layers at successively greater 
depths in the absorber. Only a small number of secondaries pass through layer 
1 because none are incident from previous layers. Layers 2, 3, and 4 receive 
an increasing number of charged particles, since those produced in more superfi- 
cial layers are projected forward through these layers. Thus, the total number 
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of projected charged particles increases with depth (in a limited region). In 
this situation, 


Sine Y (Базе En <(1—&)Е, Р<(1—в)К (5.25) 


Charged-particle buildup ceases at depths approximately equal to the pro- 
jected range of the particles. Beyond this point, secondaries produced in the 
most superficial layers are stopped and cannot contribute at greater depth. Fur- 
thermore, attenuation of the primary beam in more superficial layers means 
that fewer and fewer charged particles are liberated in successively deeper layers 
of comparable thickness. Beyond some depth the kerma-to-dose ratio increases 
to a value greater than (1 — 2): 


> (Einde > > (Еол), En — g) Ex D> (h- g)K (5.26) 


There are two depths of importance in this context: one is de, the depth 
for which the kerma-to-dose conversion factor equals (1 — g); the second is 
dm, where m indicates the dose maximum. The values de and dm are usually : 
related by de S dm as shown on the 20-MV curve on Figure 5.12 (13, 25). 
At depths considerably greater than dm, the value of the kerma-to-dose conver- 
sion factor can be roughly constant if beam energy degradation is not severe. 
A. transient equilibrium can exist (22), wherein the decreasing dose follows 
the decreasing kerma at increasing depths. 


5.5 Exposure and Dose Relationships for Photons 


For photon beams, conversion from exposure to dose is important because 
x-ray generators are often calibrated in terms of exposure rate. For further 
evaluations the dose rate can be calculated from the exposure rate. 

Recall from, Chapter 1 that exposure involves the charge generated per 
unit mass of air. The exposure X in coulombs per kilogram can be calculated 
from 


аЕ«/Ма Ф(1 — “а 
= x — g) OS EE (5.27 
X = dQ/dma = e(1 — 8) радах  (Wa/e)N а | 


For Equation 5.27, N monoenergetic photons are in perpendicular incidence 
on the face of a very small parallelepiped of mass райх, where ра is the 
density of air, A is the area of the face, and dx is the thickness. The energy 
hv is such that on the average dE,,/N is transferred to electron kinetic energy 
per photon. A fraction of g of this kinetic energy is radiated out of the mass 
element а: bremsstrahlung. The rest is dissipated in collisions that produce 
ions with charge e. W,/e, the average energy per ion pair in air expressed in. 
electron volts, is'equal to 33.8 eV (26). The incident fluence ф is N/A. 
Some algebraic manipulation of Equation 5.27 yields 
| hvi- g)a dEtr/hvN _ фћу 


LOHN Эла a с -——- (Шеп/рја (5.28) 
^ W,/e Padx Жа /е (gn 
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Figure 5.13 The energy fluence per unit exposure in air (16) increases to a maximum 
at about 90 keV photon energy and does not change rapidly at higher energies. 


In Equation 5.28, the mass energy absorption coefficient реп/р has the subscript 
а for air. Solving for the product $ hv: | 


X(33.8) = 33.8 X 
(шеп/ P)a (шеп/ рУа 


Figure 5.13 is an illustration of the energy fluence у рег coulomb per kilogram 
(16). Notice that above 100 keV this quantity is approximately equal to (8)1016 
(MeV/m?) · (C/kg)7}. s | | 

Equations 5.17 and 5.29 can be used to express the kerma Km in some 
medium m in terms of the exposure Xm in the medium: 


(5.29) 


у = фћу = 


(рь/р)њ 33.8 (шеп/р)т 
Km = Фћи(ш/ рј = 33.8 ———— Xn =- —— —— Xm (5.30) 
же (Men/p)a 7" (1— 8)m (Hen/P)a 


Using Equation 5.24, | 
D= ђе EK. = eee (Hen/P)m Xe, (5.31) 
(1 — g)m (Џег/рја 
The kerma-to-dose conversion factor for the medium is bm. 
Equation 5.31 is further simplified at depth de near a surface where - 


bm = (1 — g)n. At this depth the exposure-to-dose conversion factor fm for 
medium m for monoenergetic photons is given by 


(Men/p)m 


(jten/P)m 
pee JA 109.6 6—5 (5.32) 
(шеп/ р)г fr f 


(шеп/ P)a 


D = 33.8 
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The units for fm are grays per coulomb per kilogram. If a nonhomogeneous 
beam with photon fluence distribution $(hv)dhv is used 


2 бе/мьіуфалуау fessi) 
Un) = 33.8 5— ——————— = 33,8 —————————— (5.33) 


| (ten/p)ahve(hv)dhv | (jten/p)ap(hv)dhv 


The exposure-to-dose conversion factor for air has the constant value of 33.8 
since the integrals cancel. The factor depends on hv for any other medium 
since the mass energy absorption coefficients are functions of hv. 

Historically, the exposure-to-dose conversion factor has been given in terms 
of roentgens and rads rather than coulombs per kilogram and grays. Conversion 
to roentgens and rads in Equations 5.30 and 5.33 above is obtained by replacing 
33.8 by 0.872. The exposure-to-dose conversion factor is displayed on Figure 
5.14 for muscle and bone as a function of energy (13). Notice that the factor. 
is approximately four times as large for bone as it is for muscle at low photon 
energies. i | | | 
Large values of the exposure-to-dose factor for bone occur because 
Шеп/р is much larger for bone than for air at low energies. Bone contains substan- 
‘tial amounts of calcium and phosphorous (27) with atomic numbers of 20 and 
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Figure5.14 The exposure-to-dose conversion factor is approximately constant for muscle 

. tissue. The factor is about four times larger for bone at photon energies below 100 
keV (13). | | | 
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15, respectively. Air and muscle tissue are composed almost entirely of lower 
atomic number materials. The mass energy absorption coefficient at low energies 
is mostly due to the photoelectric effect and increases with increasing atomic 
number. Photoelectric coefficients will be discussed in Chapter 7. 

.' Equation 5.31 can be used to calculate the dose when the exposure is 
known in the medium. A situation often occurs wherein the exposure rate in 
air in a beam is measured at some standard distance F from a point source 
or target. Later, the dose rate in a medium 7n placed in the beam with surface 
at F can be calculated at the depth de where bm = (1 — g)m- Of course, 
Ку (аб), the photon kerma in the absorber at depth de, is different from Ka(F), 
the kerma in air at the standard distance F. Differences are manifested by an 
attenuation factor for the indirectly ionizing radiation in the absorber, А(а;); 
a scatter buildup factor, ВЕ(4.), which is greater than опе because scattered 
and emitted secondaries from the absorber add to the kerma; and a beam diver- 
gence factor, (F/F + ас)г. Then 


Kn (de) = A(de)BF(A)(F/F калы 7 6.34) 


This expression for the kerma can be substituted into Equation 5.31 and the 
dose can be written 


D(d) = fa A(de)BF(de)(F/F + аг)? Ха(Р) (5.35) 


where Ха(Е) is for the measured value of the exposure in air at distance F. 


5.6 Problems 


1. Suppose that the mass energy absorption coefficient for 1-MeV photons in 
aluminum is 0.00269 m?/kg. Calculate the mass energy transfer coefficient 
using the radiation yield expression from Chapter 3 under the assumption 
that 0.5 MeV is the average electron energy produced by photons in the 
aluminum. | = | 

2. The linear attenuation coefficient for 10 keV photons in lead is about 1460 
сті. Since this value is so much greater than one, how can it represent 
an interaction probability per unit length? | | 

3. Calculate the cross-section for interaction of photons in lead at 140 keV 
(99mTc) and 1.25 MeV (©°Co). Use the mass attenuation coefficients given 
in Figure 5.5. | | 

4. Calculate the cross-section for interaction of neutrons in cadmium at 0.02 
eV and 1 MeV. Use the mass attenuation coefficients given in Figure 5.6. 

5. The lead lining in the walls of a diagnostic x-ray room is 5 mm thick, 
equivalent to 10 HVT for the heavily filtered beam. It is necessary to increase 
the lead lining so that the amount of time the machine is on may be doubled, 
while preserving the same protection to the environs. What thickness of 
lead must be added? 

6. The following data represent photon fluence values from an x-ray beam 
transmitted through an absorber: | 3 
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10. 


11. 


13. 


14. 


Thickness Fluence 
0 100.0 
1 mm Al 60.2 
2 mm Al 41.4 
3 mm Al 30.2 
4 mm Al 224 
5 mm Al 16.9 


Plot the data on semilogarithmic paper and determine the HVT, and HVT; 
and the homogeneity coefficient. 


. Calculate the mean free path-of a neutron in an absorber using the integra- 


tions suggested in Equation 5.10, with help from Equations 5.3 and 5.11. 


. Suppose a beam of photons containing a continuous distribution of energies 


up to 50 MeV, such as might occur in bremsstrahlung, is passed through 
a very thick absorber of lead. Which gamma-ray energy is likely to emerge 
with the largest fluence? 


. A narrow beam of gamma rays passes through 2.0 cm of lead. The incident 


beam consists of 30% 0.4-MeV photons and 7076 1.5-MeV photons. What 
fraction of the incident fluence is transmitted? Use Figure 5.5. 

A narrow beam of neutrons passes through 2.0 em of cadmium. The incident 
beam consists of 60% 0.02-MeV neutrons and 4096 0.5-MeV neutrons. 
What fraction of the incident fluence is transmitted? Use the information 
on Figure 5.6. 

Show that the kerma-to-dose conversion factor is constant at depths well 
beyond the depth of maximum dose if the kerma and dose curves have 


| an exponential form. 
12. 


In Equation 5.23, the dose and kerma were related through the factor 
(1 — g) for the case of charged-particle equilibrium and negligible mass 
conversion. Is. charged-particle equilibrium the least restrictive condition 
on the energies that 15 necessary to obtain this relationship? If not, what 
other condition is useful? | 

Estimate the photon fluence per roentgen at 18 keV (Mo-K,), 140 keV 
(от Те), and 1.25 MeV (Со) from data on Figure 5.13. Why does the 
intermediate energy photon have the largest value of fluence per roentgen? 
Calculate the dose for a 100-R exposure measured in muscle tissue and 
bone at 18 keV (Mo-Ka), 140 KeV (99?mTc), and 1.25 MeV (Со) from 
the information on Figure 5.14. Assume that electronic equilibrium holds 
at the point of consideration. 
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6.1 Introduction 


In the next few chapters, the most common reactions induced by photons and 
neutrons үу Бе considered, опе by one. We use the term "reaction" for extranu- 
clear as well as nuclear processes. This chapter and the one following deal 
mostly with extranuclear photon reactions, although photonuclear reactions are 
considered in a later section of Chapter 7. Photon reactions can be either elastic 
or inelastic. Recall that the total kinetic energy remains unchanged in an elastic 
reaction. In an inelastic photon-induced reaction, an outgoing secondary particle 
with mass is always liberated. Inelastic reactions are especially important because 
the liberated charged secondaries deposit energy locally in an absorber. | 
In the present chapter, the scattering of photons will be considered. During 
a scattering process, the incoming photon undergoes an interaction that produces 
a change in the direction of travel. In addition, substantial energy degradation 
is involved for inelastic processes. The energy of the outgoing photon can take 
any one of a continuous set of values bounded by the incoming photon energy, 
since transitions between discrete states of the atomic system are usually not 
directly involved. The scattering process can be contrasted with a typical absorp- 
. tion process, which includes the complete disappearance of the incident photon. 
- Table 6.1 shows some helpful energy categories for photons; the energy 
intervals are useful only as guidelines for identification of regions of dominance 
for particular reactions. For example, elastic scattering, and in particular coher- - 
ent scattering, is the dominant scattering reaction in the low-energy region. 
. That process is still important at intermediate energies and until about 50 keV 
for high Z absorbers (1, 2). For an elastic reaction, the photon momentum is 
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Table 6.1: Photon Energy Ranges 


Type Energy Range 
Nonionizing OShv $10 eV 

Low energy 10 eV S hv « 0.5 keV 
Intermediate energy | 0.5 keV S hv < 1 MeV 
High energy. 1 MeV < hv 


sufficiently small to allow a directional change with negligible energy transfer. 
Inelastic scattering dominates in the intermediate- and high-energy regions. 

We will discuss elastic and inelastic scattering in sequence in the following 
pages, and contrasting aspects of the nature of electromagnetic radiation will 
be exhibited. In the discussion of elastic scattering given in Section 6.2, the 
description of electromagnetic radiation as a wave is emphasized, a useful proce- 
dure at sufficiently low energies. Conversely, in Section 6.3 inelastic Compton 
scattering will be discussed without reference to waves. Instead, the particulate 
nature of the photon will be exhibited, with momentum and energy conservation 
directly involved. This procedure is appropriate at high energies. 

Elastic scattering from a single free electron is called Thomson scattering; 
inelastic scattering from a free electron is called Compton scattering or the 
Compton effect. A theoretical formulation that unifies photon scattering results 
was developed by Klein and Nishina using field theory techniques (3). In the 
low-energy limit, Klein-Nishina scattering formulas describe Thomson scatter- 
ing. Klein-Nishina results are easily combined with Compton expressions at 
higher energy. Klein-Nishina scattering results are presented in Section 6.4 in 
a variety of differential cross section forms. 

Elastic and inelastic scattering of photons by the atomic nucleus will not 
be discussed in this chapter, since these reactions occur relatively infrequently. 
They are nevertheless of considerable interest in specialty areas of physics. For 
example, nuclear resonance scattering is central in demonstrations of the Möss- 
bauer effect (4, 5). 


6.2 Elastic Scattering 


Thomson scattering is the elastic scattering of an electromagnetic wave by a 
free charged particle, usually an electron. J. J. Thomson was the first to give 
the classical description of the process (6). Thomson scattering is a prime example 
of a reaction that can be understood from classical ideas of electromagnetic 
radiation, since consideration of the electric field wave is central. In the develop- 
ment to follow (7, 8), it will be assumed that the electric field from an incident 
electromagnetic wave sets the electron into oscillation and the oscillating electron 
subsequently radiates. 

Electromagnetic waves are often represented as transverse plane waves 
oscillating in space and time. The properties of such waves have been discussed 
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Figure 6.1 Тһе spatial dependence of the fields of a plane electromagnetic wave traveling 
in the x direction is shown. E is the electric field vector, B the magnetic induction 
vector, and A the wavelength. 


in detail (9) and will not be reviewed extensively here. Figure 6.1 depicts the 
spatial oscillations of a polarized electromagnetic wave moving to the right (x 
direction). It is a plane wave if the spatial dependence of the amplitude in the 
yz plane can be ignored. For the elastic scattering problem, an electron in 
position on the x axis is assumed to be immersed in the electric field, which 
oscillates in time as the wave moves along in the x direction. 

Figure 6.2 shows some geometrical parameters for the case where the 
electric field has components E, and E;. If the field amplitude at the electron 
is E;, the time dependence can be written as 


Figure 6.2 The electric field vector E, of a polarized electromagnetic wave is shown 
at the position of a scattering electron. The angles defining the exit direction along r 
for the scattered wave are shown. Primes are used on angles describing outgoing wave 


directions. 


116 Photon Scattering Reactions 


Еу = ЈЕ, sin фзп 2ти, Е, = КЕ; совфат2тиг (бі) 


where f and k are the unit vectors for the y and z directions, respectively, 
and v is the frequency of the wave. The angle ¢ is used to give the appropriate 
projections of the polarization direction as shown on the figure. The average 
electromagnetic energy fluence rate or intensity, J;, associated with the incoming 
wave is given by (8, 9) | S 


„2 
ceo E; (6.2) 


В = céo((Ey? + E;?)) = се E;*((sin 2туг)) = 
A factor of У was utilized in Equation 6.2 for the time average of the square 
of the sine function. | | 
The driving force on the electron attributable to the electric field Е; рго- 
duces a sinusoidal acceleration a: 


Е; 


а= sin 2zvt (6.3) 


5 е 

The oscillating electron subsequently radiates. It can be shown that the average 
electromagnetic intensity J, radiated by the electron along the direction ? of 
Figure 6.2 is given by (7, 8) | 
2 

I, 


= өтер [(ay?) sin?a" + (az?) sin? В" | ' (6.4) 
The squares of the accelerations a in the foregoing equation are averaged. Each 
of the terms in the square brackets has the dipole shape (square of sine function) 
for the radiated intensity. Substituting from Equation 6.3 for ay and а, into 
Equation 6.4 yields | | | 


‚ е? 


I—————— 
l67?esc3 72 


еЕ; 2 T 5 y | Џ , . 
Ж [sin? sin? о” + cos? ф sin? 7 (іп 2тиг)г) 
е ; De 


2 
zu E [sin? ф sin? а’ + cos? sin? 9] (6.5) 


The expression for J; from Equation 6.2 and the relationship ro = e?/4reom,c? 
for the classical electron radius were required for equation 6.5. 

The polarized wave used in the foregoing development is unrealistic, since 
most beams include components with many polarization directions. Thus, an 
average over all incident polarization directions must be obtained. For nonpolar- 
ized waves, (sin? ф) = (cos? $) — 14: 


tee [sees p e aa e 


The expression on the right side of Equation 6.6 can be justified from Figure 
6.2 because of axial symmetry about the direction of incidence for a nonpolarized 
beam. The sin a’ and sin 8’ terms сап be evaluated in the xz plane; in that . 
case, sin a’ = sin 7/2 = 1, sin 8” = sin(7/2 — 0") = cos 0. 
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The differential cross section per unit solid angle for Thomson scattering 
between angle 6’ and 6’ + а0' is symbolized by da-7(6’)/d’. This cross section 
is defined as the probability for scattering into unit solid angle per electron 
per unit incident fluence. It is equivalent to the quotient of the average energy 
radiated into unit solid angle by the electron, divided by the incident energy 
fluence, since radiated and scattered energies are the same. Then 


dor(0')/dO! = РАДЕ) = (r02/2)(1 + cos? 0"), 


am | (20./40)40' = re? | (1 + сова 6")sin 6” 40' = 87/3 — (67) 
0 о 


Apart from the geometrical factor of 95, the Thomson cross section is equal 
to the classical electron cross-sectional area. 

At low energies the photon wavelength is comparable to the diameter of 
the atoms in the absorber. In this case, all the electrons in a scattering atom 
are induced to oscillate and radiate in phase. When the entire atom acts as 
the scattering agent rather than individual electrons, the reaction is called coher- 
ent or Rayleigh scattering. In this situation a coherent scattering form factor 
F(hv,6',Z) can be introduced (1, 2), and the angular distribution can be given 
by 


do (hv, 8", Zy/do' = (r02/2)(1 + cos? 0")LF( v," 2] (6.8) 


where cs stands for coherent scattering. The square of the form factor is the 
ratio of the differential elastic scattering cross section for an atom to the differen- 
tial elastic scattering cross section for a free electron. The squared factor is 
proportional to Z? for the atom rather than Z because of the enhanced effective- 
ness of the coherent action (7, 10). 

The form factor is often displayed as a function of x = [sin(0'/2)]/^, 
the momentum transfer variable. We utilize the variables hv = hc/A and 0' 
in our functional notation because they are more general. Figure 6.3 shows 


10! 


м. 


N 10 
SS 
2: Figure 6.3 The 
u -3|- coherent scattering form 
29 factor for aluminum is 
shown as a function of the 
x = [sin(6'/2)]/A; where 
5 the wavelength is in 
” angstroms (10). Adapted 


from Ref. 11. 


118. | Photon Scattering Reactions 


F[hv,0',Z] for aluminum (11). Notice that the magnitude decreases drastically 
as x (proportional to Av) is increased. At constant Av the form factor decreases 
with increasing scattering angle 0'. At 1 MeV most of the scattered radiation 
is confined to a cone with 109 half-angle (12). i 

The angular representation given by Equation 6.8 is valid for atoms acting 
independently. When scattering atoms are held in an array in a crystal, coherent 
scattering from crystal planes can occur if the monochromatic wavelength is 
of the order of the crystal lattice spacing. Coherent scattering of this sort can 
produce maxima in the angular distributions which are related to the crystal 
parameters. Scattering from crystal planes is called Bragg scattering or crystal 
diffraction (13). Crystal diffraction techniques are widely used to study the struc- 
ture of complex molecules (14). 


6.3 Compton Scattering Energy Values 


Compton scattering or the Compton effect was named for A. H. Compton, 
who first described the process in 1923 (15, 16). Compton scattering is the 
inelastic scattering of a photon from a free electron and is the dominant photon 
scattering reaction at high energies. During Compton scattering the photon 
reacts much like a hard ball; a scattered photon with degraded energy and a 
fast electron, termed the Compton electron, result from the inelastic reaction. | 
The Compton electron is responsible for local deposition of much of the energy | 
from a high-energy photon beam. m! 

Figure 6.4 is a schematic of a Compton scattering reaction. The parameters’ 
ћу, һу” Te, Ө", and 0; are all used on the figure. Of course, hv and hv’ are 
the energies of the incident and scattered photons, respectively. Т» is the kinetic 


COMPTON ELECTRON 
T / 
e 


INCIDENT PHOTON 
hv 


SCATTERED PHOTON 
hy! 
Figure 6.4 The variables for Compton scattering of an incident 
photon from a free electron are shown. 
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energy of the Compton electron; 6’ and 0: are the scattering angles for the 
outgoing photon and the Compton electron, respectively. Notice that unprimed 
symbols are used to describe the incident beam, and primed symbols are used 
for emerging particles; this convention will be used throughout. 

In our elementary considerations, the electron is assumed to be at rest 
prior to the collision. The ‘parent nucleus for the electron will be completely 
ignored since nuclear recoil momentum can be neglected. The two outgoing 
particles are sufficient for simultaneous momentum and energy conservation. 
In addition, the electron binding energy BE can be ignored as long as hv > BE. 
Although these assumptions simplify the Compton scattering problem, inelastic 
scattering from inner-shell electrons does occur. The effects of electron binding 
are discussed in Section 6.5. 

Consider the kinetics of Compton scattering. Application of momentum 
conservation to the setup shown in Figure 6.4 yields 


ћу/с =(hv'/c)cos 0' + ре cos 66, 0= pe sin 0. — (hv'/c)sin 0' 

pec cos де = hv — һу” cos 6’, pec sin бе = ћи sin 0' (6.9) 

Here the momentum of the outgoing photon is hv‘/e and the outgoing electron 

momentum is p}. Squaring the final two equations in Equation 6.9 and adding 

them yields 
(pec)*(sin? Өе + cos? Ө) = (hv)? — 2hvhv' cos 0' + (hv')*(sin? 0' + cos? 0"), 

(pic)? = (hv)? — 2hvhv' cos 0' + (hv? (6.10) 

In the algebraic manipulation preceding Equation 6.10, we have chosen 

to eliminate 05 rather than Ө”, although either operation is simple enough. 

. The choice means that the scattered photon angle will be retained in the final 

algebraic expressions. This is often an appropriate choice because the scattered 
photon can initiate subsequent reactions at distant sites. 


In the limit of negligible binding energy, conservation of energy for the 
Compton scattering process gives 


hv=Tithv', Те=ћу— hv’ (6.11) 


Equations 6.11 can be used to obtain an independent expression for the electron 
momentum if it is substituted into the relativistic expression p?c? = T? + 2 Ттс?: 


(psc)? = (Te)? + 2 Тутеса = (hv — ћи)? + 2(hv — hv')mec?, 
(pic)? = (hv? — 2hvhv' + (һи) + 2(hv — hv')mc? (6.12) 
After subtracting the last part of Equations 6.10 from the last part of Equations 
6.12, it is evident that 
0——hvhv'(1 — cos 0') + (hv — Аи) тес?, 
hv 


hv D 5 — L———————. 
ћу = ћу је cos Ө?) ћу 1 + a(1 — cos ')' 


a = hv/mec? (6.13) 
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The ratio a will be called the collision energy parameter. An expression for 
the outgoing energy of the Compton electron can be obtained by substituting 
from Equations 6.13 into Equations 6.11: 
Т, = һу— hv __ћуац] — cos 0') (6.14) 
` 1+a(1—cos 0) 1--о(1-- cos 6’) 

Notice from Equations 6.13 that the Compton scattering reaction degrades 
the photon energy and that the fraction of energy scattered, hv'/hv, depends 
on the angle of scatter and the collision parameter. Because a is directly related 
to hv, it is evident that the Compton process becomes less efficient for degrading 
a photon beam as the photon energy decreases. In most cases photons degraded 
after a series of Compton collisions are absorbed in a photoelectric reaction 
before their energy is less than 10 keV (1). The photoelectric effect will be 
discussed in detail in Chapter 7. 

For the Compton scattering problem, one must know two of the variables 
hv, hv', Te, 0', or бе to be able to calculate any of the others. Equations 
6.13 and 6.14 include all of these variables except 6. To complete the set of 
equations, we will explicitly consider the Compton electron angle next. From 

Equations 6.9, 


Рес cos де һу — hv' cos 0' ‚> hv/hv' — cos 0' же 
yap cx, OMM д уы, с) 
Рес sin Өе hv' sin 0 sin 0 ; 


Using Equations 6.13 and a trigonometric identity (17): 
_ 1+ a(l — cos 0") — cos 0' 
sin 0' 
(1 — cos 0") 
n 6’ 


Thus, the angle of the outgoing discs: and the angle of the outgoing photon 
are related by 


Өе =cot[(1 + a)tan 6'/2], 0' = 2 (ап “сој 0:/(1 + a)] (6.17) 


There аге no constraints оп 0” except those imposed by symmetry around 
the axis of the direction of incidence of the photon. All values of 6’ are possible 
from 0' = 0, which might be termed the no-scattering limit, to the 180° backscat- 
ter limit, Ө' = т. Values for the Compton electron angle decrease from 0; = 
7/2, the limit for no scattering, to 6; = 0 for 180? photon backscattering. 
The ranges for the анде variables are summarized by 0 < 0' < т, 7/2 > 
Oe > 0. 

Тһе гапре of allowed final energy values can be obtained from the limiting 
cases for scattering angle: 


cot 0% 


= (1 РА) = = (1 + a)tan 6'/2. (6.16) 


1. For the limit with no scattering: 


0—0, 0,-т/2, ћу—"ћу, Te-0 
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RGY, hv (MeV) 


ЕМЕ! 


© 
Ls 
о 
са 
ы Figure 6.5 Тһе 
< scattered photon energy 
Ф ћу' is shown asa function - 
= S 3 of the incident photon 
10 10 - 10 ; energy hv for several 

3 INCIDENT PHOTON ENERGY, hY (MeV) scattering angles. 

2.: For the 180° backscatter limit: 
hv 2a 
д'>т, 10:60, ћу > ТУКЫ NN уа 


Thus, the energy ranges can be written as hv > һу” > һу/(1 + 2а), 0 € 
Т; € hv[2a/(1 + 2a)]. Figure 6.5 shows that the energy of the scattered 
photon varies within the limits given above for a wide range of incident photon 
energy values and angles. Notice from this figure that the scattered photon 
energy changes very little when 0' is between 90? and 180°. 


For very large hv, 
ӘР” һу ҮЙ mu. 
азы, hv t —cos 6’) (1-сов0У 


S <0 Сп, mec? hv > mec?/2. | (6.18) 


No matter how large the primary photon energy may be, the energy of a backscat- 
tered photon (7/2 < 0' < т) will not exceed 511 keV. In practical situations 
this means that shielding for backscattered photons requires minimal amounts 
of lead, even if the primary photon energy is very large (18). | 
Figure 6.6 shows that the number of scattered photons tends to peak 
around hv/(1 + 2a), the backscatter edge. Figure 6.7 shows that the number 


of Compton electrons tends to peak at hv2a/(1 + 2a), the Compton edge. 
As was mentioned earlier, the final photon energy is a slow function of angle 
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Figure 6.6 Тһе spectra 
for photons emerging 
after Compton scattering 
at.0.5 MeV and 1 MeV 
are shown as a function 
of energy. The 
backscatter peaks are the 
prominent features. See 
Section 6.4 for 


.explanation. of Klein- 


Nishina calculations. 


for backscatter conditions. Thus, backscattered photons (and Compton electrons) 
tend to pile up in a narrow interval at the edge. 
The effect of the electron peak at the Compton edge is/usually prominent 
. on pulse-height spectra taken with sodium iodide scintillation detectors for high- 
energy gamma-ray sources. If shielding material is stacked around the scintilla- 
tion detector, the backscatter peak produced by gamma rays scattered at a 
backward angle into the sodium iodide crystal may also be noticeable (19). 
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Figure 6.7 The spectra 
for Compton electrons 
emerging after scattering 
of 0.5-MeV and 1-MeV 
photons are shown as a 
function of energy. The 
Compton peaks are the 
prominent features. See 
Section 6.4 for 
explanation of Klein- 
Nishina calculations. 
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6.4 Klein-Nishina Differential Cross Sections 


In Section 6.2 elastic scattering at low energies was described according to 
classical electromagnetic wave formulas; in Section 6.3 higher energy photons 
vere described as particles that collide and rebound during Compton processes. 
The methods of quantum electrodynamics applied by Klein and Nishina in 
1229 to photon scattering by free electrons (3) produced a common link between 
ave theory results and the photon particle concepts. The classical concept of 
a force between the particle and the field has little significance in the formalism 
of quantum electrodynamics. The exchange of energy is dominant, even the 
exchange of virtual photons (8), which do not actually appear in the laboratory 
System. 
A. basic result from the Klein-Nishina (KN) calculations was the free 
electron differential cross section per unit solid angle for scattering an unpolarized 
»hoton into the solid angle bounded by angles 0' and 0' + dé’: 


doxw(hv,0) _ то? | 1 + cos? 0” a?(1 — cos 0”)? | 6.19) 
da’ 2 | + a(l —cos 6)? 1 + a(l — cos 03] 


Of course; the scattering parameter a = hv/mec? is the energy variable. The 
variable 6’ is the scattering angle as defined in Section 6.3. At low energies, 
when a — 0, Equation 6.19 reduces to 


doxn(hv,6’) Гер (1 + cos? 0) 
ао! > 2 


This expression has the same form as Equation 6.7, the Thomson scattering 
angular distribution. 

Figure, 6.8-is. a plot ‘of the angular distribution given by Equation 6.19 
as a function of a but normalized to 1.0 at 6’ = 0. Notice that at low energies 
(Thomson scattering) forward scattering and backscattering are equally probable. 


Lateral scattering is reduced. For successively higher energy incident photons, 


(6.20) 


a~ 0.01, 5 keV 
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Figure 6.8 Klein-Nishina angular distributions for photon 
scattering into the solid angle between 0' and 9' + 40' are 
shown as a function of the outgoing angle of the scattered 
photon. All results are normalized to 1 at 0' = 0. 
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the forward directions become more favored. The average angle a scatter is 
reduced and backscatter becomes less significant. · 

The cross section per unit solid angle given by Equation 6.19 is easily 
, related to measurements made with a small detector at some distance from 
the scattering target. The angle describing the detector position and the solid 
angle subtended by the detector are required to apply the relationship. However, 
other differential cross sections are useful in other situations. As mentioned in 
Section 6.3, hv, 0', Ө, Th, and hv’ are all basic variables of the scattering 
process. Cross-section derivatives with respect to several other variables will 
be obtained since they represent interesting angular and spectrum functions. 

As a beginning, consider the relationship between the differential scattering 
angle and the differential solid angle illustrated in Figure 6.9: 


40' = 27 sin 0' d0' | (6.21) 
The Klein-Nishina free electron differential cross section per unit angle, for 


scattering an unpolarized photon through an angle between 6’ and 6’ + d0' 
is | 


doxx(h уд") _ no doxn(hv,6’) 
ад dQ 
| 1 ЕЕ cos? 0” о2(1-- cos 67? | 
= 2 ....------------ЗД---------------- (6.22) 
тош " +a(l—cos 0? [1 + a(l — cos УР 


INCIDENT DIRECTION 


POINT OF SCATTER 


ад = aA = 2mrsine'ae deme. 


Figure 6.9 The geometrical parameters relating the solid angle differential 40/ to the 
— Scattering angle 0' are shown. 
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Equation 6.22 was obtained by substituting Equation 6.21 into Equation 6.19. 

Equation 6.22 is plotted on the lower half of Figure 6.10. Note that the 
distribution shown has cylindrical symmetry about the axis of the incident photon 
lirection. Note also that for energies hv > 1 MeV, scatter occurs in predomi- 
nantly forward directions (as discussed with reference to Figure 6.8), except 
that the number of photons scattered at 0' — O is clearly shown to be zero. 
Since 0' = 0 is the no-scattering limit, one should expect a vanishing scattering 
cross section at this angle. In this light it may be surprising that doxn/d’ 
does not go to zero at 6’ = 0. In fact, the differential solid angle contains a 
sin 0” factor, so the quotient represented by doxn/dQ' remains finite as 0” 
goes to zero. 

The angular distribution for the Compton electrons is shown on the top 
half of Figure 6.10. The Klein-Nishina result in terms of electron angle 0. 
can be obtained from Equation 6.22 with 


doxn(h v,0¢) A doxn(hv,6') 6 
аб, Әт EST 


Notice that all electrons are expelled within a 90* interval, 7/2 > де > 0. 
Furthermore, the average electron emergence angle decreases (forward direc- 


— cot^ (6.23) 


Б «v 2 tan =| 


60° 
~ 0.2, 100 KeV 


Figure 6.10 The 
differential cross sections 
per unit angle for KN 
scattering of photons are 
shown for the Compton 
electrons (top) and the 
scattered photons 
(bottom) for several 
energies. Adapted from 
W. R. Hendee, Medical 
Radiation Physics 
(Yearbook, Chicago, 
1970). 
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tions) as the incoming photon energy increases. This tendency is related to 
the increasing amount of forward momentum carried by the incident photon. 

The Klein-Nishina differential cross section per unit energy for expulsion 
of the Compton electron with energy between Те and Te + dTe can be obtained 
after differentiating and rearranging Equation 6.14: 


prs “һуа, sin 0' 40' 40' — mec? 
“СП--а(1-созӨУР dT, sinO'(hv — T2)? 
= Te 
— = ЕНІ: n) = — 6.24 
| 1 + a(1 — cos 6’) ` (1 — cos 6’) (h T (6.24) 
Since do/dT, = do/d0'(d0'/dT.), 
doxn(hv,Te) _ mro? | (Te)? le hv = Te so(hv — Te) | (6.25) 
ат, айу (hv — Te)? La? hv у ale | 


Equation 6.25 has been plotted for several photon energies on Figure 
6.7. The Compton peak, which is clearly displayed, has already been discussed 
in Section 6.3. An expression for doxn(hv,hv')/dhv' can be obtained from 
Equation 6.25 by substitution of T, = hv — hv’ and dT, = —dhv'. The distribu- 
tion in scattered photon energy is shown on Figure 6.6. Evaluation of 
doxy(hv,hv')/dhv’ at several hv values shows that the backscatter edge 
(0' = 180°) shown on Figure 6.6 occurs at energies less than тес?/2. 

The relationships used in the derivation of the Klein-Nishina cross section, 
contain no provisions for electron bound states. The free electron procedure 
is usually valid for valence electrons but may be inadequate to describe collisions 
involving inner-shell electrons, especially when the binding energy is a considera- 
ble fraction of the energy transferred. In fact, even the most tightly bound 
electrons participate in scattering. When the effects of electron binding are in- 
cluded, the incoherent (KN) scattering cross section decreases and the coherent 
(Rayleigh) scattering cross section increases at lower incoming photon energies. 

The Klein-Nishina free-particle results can be corrected for electron bind- 
. ing (1, 2) by multiplying by the incoherent scatter function S(hv,6',Z). This 
function is usually given with x = [sin(0'/2)]/A as a variable, but we prefer 
to use the related variables hv and 0' because they are important in all scattering 
processes. The incoherent scatter function represents the probability that the 
atom will be excited or ionized after an impulse is applied to an atomic electron. 
Each of Equations 6.19, 6.20, 6.22, and 6.25 can be rewritten with 


dois = doxnS(h v,O' ,Z) (6.26) 


Where d is the differential cross section for incoherent scattering. Incoherent | 
scatter functions have been calculated for several elements (20, 21). They are 
found to increase with increasing Av and to decrease with increasing Z. 
S(hv,0',Z), the incoherent scatter function, and F(Ahv,0', Z), the coherent scatter 
function, are often used together since incoherent and coherent scatter correc- 
tions must both be applied to the KN cross section at low energies. If increasing 
one of the variables hv, 0', or Z serves to increase F(hv,0',Z), it will decrease 
S(hv,0',Z) and vice versa. Figure 6.11 is included to illustrate the substantial 
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Figure 6.11 Тһе Klein- 
Nishina differential cross 
section is compared to the 
total differential cross 
section, including 
coherent scattering. The 
results are for tissue at 20 
90 180 keV. Adapted from Ref. 
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corrections that must be made on doxn(hv,0')/d0’ (22) when the photon energy 
is sufficiently low. 


6.5 Attenuation Coefficients for Photon Scattering 


The attenuation coefficients for photon scattering can be obtained from total 
cross-section expressions as outlined in Chapter 5. For incoherent scattering 
any of the Klein-Nishina differential cross-section expressions given in the previ- 
ous section can be used if the effect of electron binding is ignored. We choose 
to integrate Equation 6.25 and include all possible values of the Compton electron 
energy from 0 to (Te)max = hv2a/(1 + 2a). 

It is convenient to rearrange Equation 6.25 before integrating: 


d 
Oxn(hv) = [e ғ” 
Tro) (Te)? (Te)? 21; | | 
== eee aa 620 
X EXE: T.p hwhv— Те). «(һу — Те) i 


Use of standard forms (17) for integrals with integrands x2dx/(a + bx), 
525528 + bx), and хах/(а + bx) will give 


onion m br. ERO р ow +2hv In(hv — Те) — (hv — rj 
52 ЕС — Ту) — (hv)? In(hv — Te) — (hv — ny| 
у 


2 | (T^) 
-- [o — T})— ћу In(hv — ra|} сш (6.28) 
a о 
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Figure 6.12 Тһе total 

КМ cross section for 

` photon scattering, oxn, 
and the result for 
incoherent scattering, 
Сіз including the 
correction for electron 
= a - | | binding, are shown as а 

10 10 10 function of energy hv for 

PHOTON ENERGY (MeV) a lead absorber (1). ' 


Application of the limit (T¢)max = hv2a/(1, + 2a) gives 


Oxn(hv) = mro? Pa [252 > Ја 1 + 2d 


a? 1-Ғ2а a 
T па + 20) 2(1- =) (6.29) | 
a (1+ 2a)? | 


This equation is plotted on Figure 6.12, where it is shown to be monotonically 
decreasing with increasing hv. | | | 
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Figure 6.13 The ratio of 
the cross section for 
scattering by bound 
electrons divided by the 
KN free electron cross 
section is shown as a 
function of atomic 
number Z for. several 
photon energies. The 
curve at 1 keV has been 
smoothed since 
fluctuations are 
substantial from element 
3 PU es 80 100 ^ to element. Adapted from 
2 Ref. 11. 
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The effect of electron binding on the Klein-Nishina total scattering cross 
section is illustrated on Figures 6.12 and 6.13 (2). Results were obtained from 
the incoherent scattering cross section, but integration over angle 6’ was used. 
There is considerable irregularity in the 1-keV result (Figure 6.13), which has 
been smoothed out in the figure. Electron. binding reduces the cross section 
for incoherent scatter at low photon energies, especially for high 2 materials. 
Notice from Figure 6.12 that the KN and the incoherent scatter cross sections 
converge at high energies. Beyond this energy any of the names incoherent 
scattering, KN scattering, and Compton scattering can be used. A cross-section 
expression for high energies can be obtained from Equation 6.29 in the limit 
here the collision energy parameter a is very large: 


2 
1+21п ч} asd 


eis ( Av) = mro? ( i (6.30) 


Photon scattering coefficients depend on the cross sections through 
(р/р) = п Gis, (И/р)в = Nim Сс (6.31) 


where p/p is the mass attenuation coefficient, Пт is the number of electrons 
per unit mass, and c, and бе аге the incoherent and coherent scattering cross 
sections, respectively. Some values of mass attenuation and mass energy absorp- 
tion coefficients for photon scattering are given in Appendix 9 for several elements 
at a variety of energies. 

If the effects of atomic binding can be ignored, the KN total scattering 
cross section сап be used in Equation 6.31 for 01. Since oxy is independent 
of atomic number, the Z dependence in the mass attenuation coefficient comes 
through the factor Пт: 


~ -Nm = Na (2/Мп), (и/рјки = МА (Z/Mm)OKN (6.32) 


where МА is Avogadro’s number and Mm is the mass per mole for the absorber. 
In this case one can find the mass attenuation coefficient for Klein-Nishina 
scattering for element 2, from the coefficient for neighboring element 1 by 


B (Z/Mm)2 
(и/рјккг = (2/ Ма); 


Of course, Equation 6.33 does not hold for coherent scattering. In that case a 
ratio involving (Z2/Mm) instead of (Z/ Мп) is often employed (7, 10). 

The mass energy transfer coefficient for scattering can be obtained from 
the mass attenuation coefficients (23) using 


` (рае /р)км = (ш/р ки (СТе/ћу)) (6.34) 


In this relationship, (Те/ һу) is the average ratio of the Compton electron energy 
to the photon energy. Of course, T = 0 for elastic processes, Rayleigh or 
Thomson scattering. Figure 6.14 shows the ratio (Те/ћу) asa function of photon 
energy for KN scattering; the dependence can be calculated from the distribution 
given in Equation 6.25. This figure shows that the efficiency of scattering as 
an energy transfer mechanism increases with increasing energy. 


(и/рјкит. (6.33) 


а 
4% 
e 


Photon Scattering Reactions 


T /hV) 
о 


e 
со 


ENERGY FRACTION ( 


0.1 1.0 10 100 


PHOTON ENERGY (MeV) 
Figure 6.14 The average fraction of the total energy given to the Compton 
electron is shown for a wide range of incident photon energies. Adapted 
from H. E. Johns and J. R. Cunningham, The Physics of Radiology, 3rd 
Ed. (Charles С Thomas, Springfield, Ш., 1969). 


The mass energy absorption coefficient for scattering is obtained by multi- 
plying Equation 6.34 by the fraction of the Compton electron energy that is 
not radiated, (1 — g). A first estimate of the fraction of energy radiated, 2,' 
can be obtained from the radiation yield expression in Chews: 3 if the mean 
Compton electron energy is utilized. 


6.6 Problems 


1. Evaluate the Thomson cross section for scattering from a free electron in 
square meters. Evaluate the Thomson cross section for scattering from a 
free proton in square meters. 

2. For elastic scattering evaluate the ratio of the intensity radiated at 45° 
from the direction of incidence of a photon to the intensity radiated at 

. 0°. Calculate the ratio of the intensity radiated at 90° to the intensity radiated 
` at 0°. | 

3. Obtain the expression 


" 2hv cos? бе 


m 2 
а=) — cos? Д 
a 


= 
from Equations 6.9, 6.11, and 6.12. Hint: Eliminate 6’ instead of Өе by 
squaring and adding several Equations in 6.9. Eliminate (рес)? from the 
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result using the second equation of Equation 6.12. Square the result and 
use Equation 6.11. 


. What is the angle of scatter and the energy of a Compton electron when 


the incident photon energy is 140 keV and the angle of scatter of the photon 
is 60°? 


. Calculate the maximum energy that a Compton electron can have for each 


of the photons from Со at 1.33 MeV and 1.17 MeV and for the f lc 
photon at 140 keV. 


. Calculate the minimum energy of a scattered photon for each of the photons 


from ©°Co at 1.33 MeV and 1.17 MeV and for the ??"Tc photon at 140 
keV. 


. Obtain the expression for the Klein-Nishina differential cross section 


doxn(hv,hv'’)/dhv' for scattering a photon by a free electron when the 
scattered photon energy is between hv’ and ћи + dhv'. Use Equations 
6.11 and 6.25. 


. Integrate Equation 6.27 to obtain Equation 6.28 using tables for integrals 


with integrands x?dx/(a + bx), x?dx/(a + bx), and xdx/(a + bx). 


. Calculate the mass attenuation coefficient for aluminum for scattering from 


the Klein-Nishina total cross section at 1.25 MeV. 


. Calculate the mass attenuation coefficient for scattering for lead from the 


Klein-Nishina total cross section at 1.25 MeV. 

Calculate the mass attenuation coefficient for scattering from magnesium 
at 1.25 MeV in terms of the cross section for scattering from aluminum. 
Calculate the mass energy transfer coefficient for scattering from the mass 
attenuation coefficient for scattering from aluminum at 140 keV and at 
1.25 MeV. 
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In the present chapter, absorption reactions for photons are discussed. These 
reactions can take place in atomic, molecular, or nuclear systems. In an absorp- 
tion reaction, the incident photon disappears. Other photons may subsequently 
emerge from the system, but they are the result of de-excitation involving rear- 
rangement of the internal configuration of the absorber. Photon absorption reac- 
tions that include the emission of atomic or nuclear particles are inelastic. The 
liberated charged secondaries are important because they deposit most of the 
energy at local atomic sites in an absorbing medium. 
| In Chapter 6 four photon energy categories were given: nonionizing, low 
energy, intermediate energy, and high energy. In Section 7.2 we will be concerned 
with reactions initiated mainly by low-energy photons with hv < 0.5 keV. 
For this case the interactions considered will be those that usually involve valence 
or other weakly bound electrons. In Section 7.3 the atomic photoelectric effect 
will be discussed. The unique aspects of photoelectric reactions are most noticea- 
ble at intermediate energies, when electrons with substantial binding energies 
аге involved. Section 7.4 deals with photonuclear reactions initiated by high- 
energy photons, hv > 1 MeV. In Section 7.5 pair production will be discussed, 
and.in section 7.6 systematic relationships between attenuation coefficients are 
given so that one can compare the salient features of the different photon absorp- 
tion processes. 
Before the individual processes are discussed one by one, the basic energy 
and momentum equations, which are appropriate for photon absorption reac- 
tions, will be given. They will be adapted later to particular cases. One quantity 
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of special interest is the threshold energy hvmin, the minimum possible input | 


energy that will initiate a given reaction. 

Let X + у > b + Y symbolize a generalized photon absorption reaction 
on target system X with product system Y. Then the incoming photon y dislodges 
the outgoing particle b. If X is initially at rest, 


Py = Pe ру, hv + Mxc? = Ey + Ey = Myc? + Т + Myc? + Ту, 
t 
hv = (My + My — Mx)c? + Tb + Ту = BE, + Ty + Ту (7.1) 


Here p symbolizes the momentum, M the mass, E’ the total outgoing energy, 
and Т” the outgoing kinetic energy. The subscripts identify the particle repre- 
sented; BE, is the binding energy for particle b. 

The minimum possible photon momentum and energy are related by 


hVmin 
ғалық. тейін (pb + py), 


hvmin + Mxc? = Moc? + Мус? + (Ty + Tiy ike C (7.2) 


The scalar momentum equation is appropriate at threshold since compo- 
nents of outgoing momentum that were not parallel to the photon direction 
would require extra kinetic energy. Apparently (T + Ty)min > 0 since (pb 
+ pi)min > біп the laboratory system. i 

Consider the same reaction in the center of mass (subscript cm) system 
where the total momentum is zero. The center of mass reference frame translates 


with speed Vem with respect to the laboratory frame. At threshold in the center | 


of mass system, the outgoing particles will be at rest, since рь + py = 0. 

-If b and У are at rest in the center of mass system, each must be moving 
with speed v = Vem in the laboratory SHE Thus, at роси in the laboratory 
system: 


Ру © Мода» · Ру € MyVem; pc Py = Py 


| | Му Е ‘My My 


== == -- oon ' = —————— | (7.3) 
Ру y Pi уу РУ» Руи мур" Po мъ + My?” 


Equations 7.3 shows that at threshold in the laboratory system, the momentum 
of the photon is shared between outgoing particles in ue direct ratio of their 
masses. 


Suppose the results of Equations 7.3 are applied to the energy Equations 
7.1 using the form E' = ~ (р')2с2 + M?c* : 


hVmin + Mxc? = Vp) F Мрзет + Lyn MSS Yee? Му?сі 
Mê (Avmin)? 22, М? (Руа)? 
————— uae CET 8 + M2c4 
= үм, + му Mee * NOM + му у 


= vsus)! + (My F Му)гс , 50) 
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To solve for hvmin, square Equation 7.4 and simplify: 
2Mxc?hvgin + Mx?c* = (Мы + My)?c4, 
ма (Mp 6 Муус“ = Мс“ 


h | a 
a 2Mxc? 
| QA + Me Mae 
=(M, + My — Му)с?| t n 
( 4 К Әсі 2 Мхс? 
# BE, 
= ВЕ, | + 2 x] (7.5) 


Equation 7.5 shows that the threshold energy is larger than the binding energy. 
This is a direct result of the momentum of the incoming photon. However, in 
many practical situations, ВЕ, < 2Mxc? and the correction term is negligible. 


7.2 Photoabsorption at Low Energies 


In this section we are primarily concerned with reactions initiated by photons 
with hv < 0.5 keV. In this case, absorption is governed by the interaction of 
the electric field of the incident photon and the electric dipole moment of the 
target system. Other electric and magnetic moments are much less effective 
(1). 
| Photoabsoprtion at low energies is discussed separately in this section 
because weakly bound or valence electrons are often involved. This means that 
the molecular configuration and physical state of the absorbing material is impor- 
tant, and a wide variety of phenomena can be included, each with distinctive 
properties. The overview given below is subdivided into photoabsorption in 
gaseous and liquid systems and photoabsorption in crystalline solids. The solid 
absorbers are discussed separately because of the distinctive electron energy 
bands associated with crystalline systems. 

In gaseous and liquid absorbers, photoexcitation and photoionization are 
major subcategories of photoabsorption (1). For photoexcitation, the photon 
induces an electron transition between its initial bound energy state (indicated 
by subscript i) and the final energy state (indicated by subscript f), which is 
also bound. If target recoil is negligible, then 


ћу = Е; сәй o (7.6) 


For molecular absorbers, low-energy photoexcitation may involve dissociation 
of chemical bonds. Because of this, photons with appropriate energies may 
induce formation of radicals, i.e. particular molecular fragments with unpaired 
electrons: 
204 When photon energies exceed the energy equivalent of the ionization poten- 
tial, photoionization competes with photoexcitation. In a photoionization pro- 
cess, the atomic electron escapes from the parent atom as a free particle. Pho- 
toionization usually dominates when ћу is substantially greater than the binding 
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"Figure 7.1 The photoabsorption cross section for water is shown as а 
function of photon energy. The photoionization cross section has a higher 
energy threshold but rises until it almost equals the photoabsorption cross 
section (2-4). 


energy of electrons in the valence shell. However, multiple excitation processes | 
are also possible at such energies. à И 

Figure 7.1 illustrates the relationship between photoionization and photo- 
absorption cross sections for water vapor (2-4). The peaks or resonances between 
the excitation threshold at 6.6 eV and the ionization potential at 12.6 eV represent 
excitations associated with specific free radical products. Above 12.6 eV the 
molecule.or the free radical fragments are often ionized (5). 

Low-energy photoabsorption in liquid systems differs from the process 
in the gaseous state because of the perturbing effects of surrounding molecules. 
However, liquid-state solutions are of especial interest since photoabsorption 
in a solute can often be determined in the presence of the solvent. If the geometry 
is appropriate for exponential attenuation, the molar extinction coefficient € 
сап be used, as was discussed in Chapter 5. The solute concentration Сь in 
moles per liter, and the vial thickness x are also important (6). For transmitted 
photon fluence ф, 


Ф/фо = 10-€r = exp(—2.30€C)x) | ал) 


where фо is the incident fluence. When the transmission Ф/фо is measured for 
a monochromatic beam and when x and e are known, the concentration С; 
can be calculated. : | | | 

Figure 7.2 shows the extinction coefficient for a ferric sulfate (Fe* * *) 
solution in water (6); the coefficient for a ferrous sulfate solution (Fe**) is 
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Figure 7.2 The extinction coefficient for Fe*** ions in a water solution 
is compared to the coefficient for the Fe** ion (6). 


also shown, although it is quite small. Because of the difference in photoabsorp- 
tion probability at values of 3040A (4.1 eV) and 2240A (5.5 eV), the concentra- 
tion of Fe* ** can be measured in the presence of greater amounts of Fe* *. 
Ferrous sulfate solutions are used for dose-measuring systems (Fricke dosimeter) 
since radiation oxidizes the Fe** ion to Ғе” га 

When atoms аге held together in a regular array in a crystalline solid, 
electron energy levels for individual atoms are perturbed by the electric fields 
from neighboring atoms. External electrons are affected most noticeably. Their 
allowed energy levels broaden into bands of energy (7). This phenomenon is 
illustrated on Figure 7.3, and will be discussed in more detail in Chapter 12. 
For such a situation, the highest completely filled electron band is often called 
the valence band. The next band at higher energies is called the conduction 
band. Between the two bands a forbidden energy gap Eg occurs. Discussion 
of low-energy photoabsorption in crystalline solids usually involves these energy 
bands and the electron transitions between them that can be induced by the 
photon. i 
Interband excitations in crystalline solids are transitions involving a change 
in electron energy from one band to the next higher one. For interband photoab- 
sorption the most common process is excitation of an electron with valence 
band energy into an empty conduction band state. The process leaves a vacancy 
or hole in the valence band. Thus, photoabsorption produces electron-hole pairs 


with 
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where E, is the electron energy and Ej is the hole energy. Incident photons 
with energy somewhat greater than Е are often absorbed in a crystal; those 
with energy less than Ej will often be reflected from the crystal. Since the 
reflected photon energy determines the color perceived by an observer (7), the 
color of crystalline solids is often determined by Eg. 

Figure 7.4 shows the mass attenuation coefficient for photoabsorption in 
CdS (Ref. 8). Below 2.4 eV photoabsorption is unlikely because the available 
energy is not sufficient to induce an interband transition. Above 2.5 eV the 
coefficient is large because a continuum of interband transitions is possible. 
The color of cadmium sulfide is yellow to orange, because green and blue photons 
are usually absorbed while yellow and red photons are reflected. 

Intraband excitations occur when the electron is promoted to a previously 
empty state at higher energy in the same band. Since the gap is irrelevant in 
this situation, such transitions occur without a lower limit on energy. Intraband 
photoabsorption is especially important in metals. Figure 7.5 shows the mass 
attenuation coefficient for aluminum (9). Intraband processes are important at 
the lowest energies shown. Absorption at the higher energies shown on the 
abscissa is due to the atomic photoelectric effect, which will be discussed in 
the next section. · 

The surface photoelectric effect is a low-energy process closely related to 
the atomic photoelectric effect and occurs in solid absorbers at optical and 
ultraviolet photon energies. In the present context it can be viewed as a unique 
photoionization process because of the escape of the electron from the crystal | 
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Figure 7.3 The energy level sequence for electrons in a free atom (K, L, and M shells) 
is compared to the level-band sequence for electrons in the crystalline atomic system. 
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Figure 7.4 The mass 
attenuation coefficient for 
cadmium sulfide is shown 
as a function of energy at 
2.3 2.4 2.5 2.6 2.7 300 K (8). The gap 
PHOTON ENERGY (eV) energy is about 2.4 eV. 


The basic relationship for the surface photoelectric effect is 
ћу > T; + bw (7.9) 


where Т, is the kinetic energy of the electron after it has escaped from the 
surface, and фу is the work function for the photoelectric material. Note that 
the photon energy can be greater than T; + фу. Collisional energy loss by 
the electron is likely prior to its emission from the surface. The work function 
is due primarily to the electrostatic attraction between the escaping electron 
and the induced charge left on the surface. Some values for work functions 
are given in Table 7.1 (10). | | | 
Many important devices utilize the surface photoelectric effect, including 
photomultiplier tubes used in scintillation detectors for gamma rays and image 
intensifier tubes used for x-ray fluoroscopy. Cesium compounds such as cesium 
antimonide (Cs3Sb) or cesium iodide (CsI) are often used as the photoelectric 


absorber (photocathode) in these devices. 


Б; 


7.3 тһе Atomic Photoelectric Effect 


The atomic photoelectric effect is the ejection of an atomic electron from a 
bound shell after absorption of an incoming photon (11). The emitted electron 
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is called the photoelectron, as indicated on Figure 7.6. The atomic photoelectric 
effect is often the dominant photon absorption reaction in the intermediate- 
energy range, 0.5 keV < hv < 1 MeV, although photoelectric processes are 
not limited to these energies. When the photon energy is sufficiently small and 
only valence electrons or loosely bound electrons are involved, the photoelectric 
effect cannot be distinguished from photoionization, discussed in the preceding 
section. In the intermediate-energy range, the atomic electrons involved are 
bound by substantial forces, so the physical state of the absorber and the molecu- 
lar environment of the atoms have little effect. Because a vacancy is always 


Table 7.1 Work Functions for the Surface Photoelectric Effect 


Material Work function фу (eV) 
Aluminum (Al) 4.2 
Silver (Ag) 4.5 
Antimony (Sb) ine: 4.6 
Cesium (Cs) 1.9 
Tungsten (W) - 4.5 
Cesium antimonide (Css Sb) p 


A ————————————————————————————————— 


Data from Ref. 10. 
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Figure 76 А schematic representation of the atomic photoelectric effect 
is shown. T? is the photoelectron kinetic energy. 


produced in an atomic shell, de-excitation photons (fluorescence, phosphores- 
cence) or electrons (Auger) are emitted after the photoelectric effect. These 
emissions are discussed in more detail in Chapters 11 and 12. In the following 
paragraphs, we will discuss the cross section and angular distribution for the 
atomic photoelectric effect and the origins of the absorption edges. 

The atomic photoelectric effect is most easily understood as a reaction 
between a photon and an entire atom. This is appropriate because electron 
binding energy plays a significant role. Thus, the reaction shorthand is 
X y =e X*, where X represents the target atom, X* the residual 


ion, and е- the photoelectron. Equation 7.1 applied to this case gives 
py= pe tpi, Ли =BEn + Te + Ti (7.10) 


where the subscripts У, е, and i stand for the incoming photon, the photoelectron, 
and the recoil ion, respectively, and BE»; stands for the binding energy of the 


atomic electron in the shell п and subshell /. 
. Equations 7.10 can be used to show that the atomic photoelectric effect 


must involve a bound electron. A hypothetical photoelectric absorption reaction 
with a free electron would occur with p; = T; = ВЕ»; = 0. In these circum- 
stances, 


руб = ћу pic = У (Te + гтес Te > Te (7.11) 


The inequality in Equation 7.11 is incompatible with the energy conservation 
equation for a hypothetical free electron photoelectric reaction ћу = Т 5. M 
reality, in the photoelectric process the electron must be bound and outgoing 
ionic momentum is necessary. 

Equation 7.5 can be used to obtain the threshold for the atomic photoelec- 
tric effect. The subscripts b and Y must be replaced by e and i as indicated 
previously. The binding energy in this case refers to the atomic electron in 
the atom. Since the threshold for the atomic photoelectric effect is usually given 
with reference to a specific atomic shell n and subshell j, 
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BE,; 


Уј = BEnj | H Мыс 


| BE,j = Ep + ЕР, (7.12) 
The second equation in Equations 7.12 is a reminder that the residual ion is 
left in an excited state with energy E*,. The value Ep stands for the energy 
equivalent of the ionization potential, the minimum possible binding energy 
for the atomic or molecular target. Since BE,; < 2Mxc? for all cases, the 
threshold energy and the binding energy are used synonymously. 

Whenever the photon energy is appreciably greater than the binding energy, 
the momentum and energy expressions in Equations 7.10 can be simplified. 
Consider first the ratio of momentum to kinetic energy for a particle of mass 
M and the ratio of momentum to energy for a photon: _ 


+ TPF 2TME T2TMi 
m - LV GMETIEL (e hv/e 1 uus 
* T с ~ Бе hv с | 


The massless photon has the smallest ratio of momentum to available energy. 
Furthermore, the more massive the рше the greater will be the ratio of 
momentum to kinetic energy. 

Photon absorption by the o effect is most likely at energies 
where 2Mic?/T; > 2m,c?/T. > 1. Under these conditions Equations 7.13 can 
· be used to show that ру is negligible compared to pe and pi. Then from Equation 
7.10,. } | 


ed не бре = [I] m | | 

p, t p; = 0, ре = —р;, Ti = OM, 2 M; 2те М; e» 

ћу = BE,; + T; + T; = ВЕ; + Te | um BE, + T, (7.14) 
a 


The final relationship in Equations 7.14 is sufficiently accurate in most situations. 

In the preceding paragraphs, the energy and momentum relationships for 
the atomic photoelectric effect have been developed in terms of hv, Te, and 
Ti. The geometric variables of the reaction are Өе and 0;, which define the 
outgoing directions of the photoelectron and the recoil ion with respect to the 
incoming photon direction. Since the kinetic energy of the ion is very small 
in most cases, Т; and 0; are of little interest. In the next ‘several paragraphs, 
cross-section expressions will be discussed in terms of variables hv, Өе, and 
5 ТУ. 

The cross section for the atomic photoelectric effect can be evaluated 
using quantum mechanical techniques with approximate wave functions for 
the bound atomic electron and the emerging photoelectron. A theoretical result 
for the differential cross section per unit solid angle for the atomic photoelectric 
effect can be written as (12, 13) 


dox(hv,Te,02) 
ао” 


sin? 0; 


а. 2-48 2 Шатты E Rr 
4/2 ro?a*Z>(mec?/hv) [1 — (pec/mec?) cos деј“ 


(7.15) : 
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where ріс = ~ (Те): + 2mec?T;, ro is the classical electron radius, and a is 
the fine structure constant. The differential cross section given in Equation 7.15 
is for the two electrons in the K shell of an atom with atomic number Z. It 
is an average value over all polarization directions and is therefore symmetrical 
about the direction of incidence of the photon. It is not relativistic. The angle 
6, defines the photoelectron direction with respect to the incident photon direc- 
tion as shown on Figure 7.6. 

Figure 7.7 shows the angular distribution of photoelectrons for a low Z 
absorber BE < hv . Notice that the number emitted per unit solid angle tends 
to zero in the forward and backward directions. In fact, at low energies photoelec- 
trons tend to come out at 90° with respect to the photon direction, with a 
distribution approaching the sin? де shape. This distribution follows from the 
fact that the direction of the photon electric field vector is taken to be perpendicu- 
lar to the incident direction. However, as the photon energy is increased, forward 
emission becomes more favored, as determined by the cos Ө, term in the denomi- 
nator of the differential cross-section expression. 

If one substitutes 40! = 27 sin 0; аде in Equation 7.15, a nonrelativistic 
expression for the differential cross section per unit angle for ejection of 
K-shell electrons at angles between Өе and де + 10. can be written: 


dox(hv,Te,0'e) _ 24475 2 ~ sno ___ (7.16) 
Е ғол 


This distribution is shown on Figure 7.8 for hv = 0.02 eV for a low Z 
(BE < hv) absorber. The preference for 90° electron emission is unmistakable 
at this energy. At higher values of ћу, relativistic formulations (14) can be 
used to show that forward directions are favored. 

, When р; < mec, the cos 0; term can be deleted in Equation 7.16 and 


the expression can be integrated over 0e. Then 


NS 20 
e i 
79 
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Figure 17. The angular distribution of emitted photoelectrons for low Z 

materials illustrates the shift to forward emission angles with increased 

energy. C is a constant which normalizes the curves to unity at 90°. Electron 


binding energy is neglected. 
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ћу~0.02 Mev 


Figure 7.8 The differential cross section for emission of a photoelectron 
between 0: and 0; + 40; is shown for low Z materials. 


ox (hv) = 8/2 rota 2 (те ћуп Í sin? 0; 40; 
0 


= 44/2 (8тғо2/3) a*Z*s(m,c? /hvy'!2 
= 44/2 a*aZ*(m;c?/hyy!!? . (7417) 


| 
The symbol отт is for the Thomson cross section as defined in Chapter 6. 

The total cross section per atom for the atomic photoelectric effect includes 
contributions from electrons in all occupied atomic shells. The ratio of the 
photoelectric cross section for the entire atom, o, to the cross section for the 
two K-shell electrons, ox, has been evaluated just above the K-shell binding 
energy for many elements. This ratio can be calculated with sufficient accuracy 
(539) for most purposes from (15): | 


c/c = 1 + 0.01481(In Z)? — 0.00079(In Z)? (7.18) 


For most elements, 80%-90% of the photoelectric interactions occur with the 
two K-shell electrons when the photon energy is above the K-shell binding 
energy. | | | | | 

The calculations used to produce Equation 7.15 did not include relativistic 
formulations (16). Thus, the dependence of Equations 7.15 through 7.17 on Z 
and hv is not exact. In the intermediate-energy range, because of screening of 
the nucleus by internal electrons, the atomic number dependence of the cross 
section varies with hv. The best average value for the Z exponent is generally 
between 4 and 5. Figure 7.9 shows that the exponent of the atomic number Z 
generally increases slightly with photon energy (17). As an example, the energy 


|." dependence. of photoelectric processes for soft tissue has been calculated (18), 


with the Z exponent varying between 4.2 at 10 keV and 4.7 at 150 keV. 


| 
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Z EXPONENT 


PHOTON ENERGY (keV) 


Figure 7.9 The atomic number exponent in the cross section per atom 
for the atomic photoelectric effect is shown as a function of Z and hv 
(17). Only atoms with BEx < hv are utilized to construct the curves. 


The dependence of the photoelectric cross section per atom on photon 
energy is illustrated in Figure 7.10 for two absorbers: iodine and lead (17). 
Apart from the discontinuities, the cross section decreases inversely with the 
energy to the third power at low energies rather than the % power as given 
in Equation 7.17. At higher energies the dependence is approximately propor- 
tional to the inverse square of the energy. The rapid decrease in the cross 
section explains why photoelectric absorption is of little significance at energies 
greater than 1 MeV. 

Figure 7.10 shows the smooth dependence of the photoelectric cross section 
on energy. It also shows several striking discontinuities occurring at 33 keV 
for iodine and 88 keV for lead. These structures are two examples of the K 
edge. A set of three secondary discontinuities called the L edges can also be 
seen for lead (Lj, Li» and Іш). The К edge, L edges, M edges, and the like, 
occur for all absorbers with electrons populating the K, L, and M, shells and 
subshells, respectively. The edges occur at photon energies equal to the binding 
energies of electrons in the shells and subshells involved. Of course, when 
hv < BEny, photoelectric reactions can not occur in subshell of shell n. However, 
when the energy is sufficient, the cross section jumps to a large value. The 
jump ratio, is defined as the cross section just above the edge divided by the 
cross section just below it. The range of K-edge jump ratios varies from greater 
than 35 for light elements to less than 5 for heavy elements such as uranium. 
L- and M-edge jump ratios are smaller (19). 

Electron binding energies are tabulated in Appendix 4. The general form 
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10° 


10' 


PHOTOELECTRIC CROSS SECTION (107° m?) 


Figure 7.10 The 

photoelectric cross 

section for/lead (2 = 82) 

10' 10: 10! and iodine (Z = 53) are, 
PHOTON ENERGY (keV) compared (17). 


of the expression describing these quantities is an extension of the Bohr energy 
expression for atomic electrons: 


a?m,c? (Z EX Go)? 
2g" n? 


where Cy; is the screening constant (20) for shell n and subshell j, included 
because of shielding of the nuclear charge by the innermost atomic electrons, 
and a is the fine structure constant. The coefficient a?mec?/2 equals 13.6 when 
evaluated in electron volts. Experimental determination of the location of an 
absorption edge is sometimes difficult because photon-induced transitions to 
bound states (photoexcitation) mask the precise value. Figure 7.11 shows the 
excitation peaks produced near the K edge for argon gas (21). 

In closing, we note that the properties of the atomic photoelectric effect 
contribute greatly to the practical uses of photon beams. Radiographic images 
produced after transmission of x rays through inhomogeneous absorbers show 
superior contrast if photoelectric absorption is dominant. This is partly because 
the strong dependence of the photoelectric cross section on atomic number 
accentuates differences in x-ray transmission between structures with different 
elemental composition. In addition, competing scattering reactions may serve 


BE,; = = ейде | (7.19) 


| 
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PHOTOELECTRIC CROSS SECTION 


Figure 7.11 The K-shell 
photoelectric cross 
section for argon is 
shown near the K-edge 
energy. The peaks are due 


– 4 =2 0. 2 | 
RELATIVE ENERGY (eV) to photoexcitations (21). 


to degrade the contrast by producing a relatively uniform scattered fluence 
over the entire radiograph. 

| Even the photoelectric absorption edges can be used to practical advantage. 
If the K edge for an absorber occurs at an energy just below the average photon 
energy in a beam, that absorber is especially opaque to the beam (see Figure 
7.10). Thus, iodine or barium compounds introduced in specific body systems 
as contrast media are highly effective for medical fluoroscopic examinations 
with appropriate beam quality. For a similar reason, intensification screens used 
in x-ray cassettes are especially efficient in absorbing x rays if they are made 
with the rare earth elements gadolinium and lanthanum (22). The absorption 
edges for the rare earth elements occur at energies appropriate for maximum 


absorption of beams used in diagnostic radiology. 


7.4 Photonuclear Reactions 


A photonuclear absorption reaction is the ejection of at least one nuclear particle 
after absorption of a photon by a nucleus. The process is sometimes called 
nuclear photodisintegration or the nuclear photoeffect. A (у,п) photonuclear 
reaction is illustrated on Figure 7.12, where the emitted neutron (photoneutron) 
moves away at angle On. Emission of a proton (photoproton) occurs in a (у,р) 
process. Occasionally multiple nucleon emission follows absorption of a photon 
of sufficient energy. This process could be indicated by (у,2п), (y.2p), (y.pn), 
and so forth, depending on the nucleons involved. Gamma-ray emission immedi- 
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Figure 7.12 The schematic representation for a photonuclear reaction with the emission 
of a neutron is shown. 


ately follows a photonuclear reaction if the residual nucleus is left in an excited 
configuration. 

Although photonuclear reactions do not involve electrons directly, one 
often sees the notation (e,e'n) or (e,e'p) in the context of discussions of photonu- 
clear reactions. These abbreviations stand for electronuclear reactions that are 
initiated with high-energy electron beams and do not involve photons directly. 
In an electronuclear reaction, part of the incident electron energy is transferred 
directly to the nucleus. The products of the process are similar tó photonuclear | 
products. Electronuclear reaction cross sections evaluated at energy Te аге | 
smaller than analogous photonuclear reaction cross sections at energy hv = /Те 
by a factor of a = 1457 (23, 24). 

The momentum and energy conservation expressions for a photonuclear 
reaction can be taken directly from Equations 7.1. If the reaction is written 


X + y — b +Y, then 
: p= ph + py, -hv=BE, + Т + Ту (7.20) 


where ВЕ, is the binding energy of particle b in the target nucleus X. Recoil 
momentum of the product nucleus, py, is necessary because the massless photon 
often does not carry sufficient momentum to balance the momentum of the 
emitted nuclear particle. | 

_ Asa practical matter, the minimum binding energy of a nucleon in a 
nucleus can be obtained from atomic mass tables. If Mgs represents the ground- 
state nuclear mass in kilograms, the binding energy can be expressed in terms 
of Mgc?. 


BE, = (My + My — Mx)gc? + Еў = SEs + Ey e (120 


The residual excitation energy of the product nucleus is represented by Ev, 
and the quantity SE», called the separation energy, is the minimum binding 
energy of b in nucleus X. — | | 

The ground-state nuclear mass excess (or mass deficit if negative) can be 
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expressed in atomic mass units, Am, or in megaelectron volts, AE. If the value 
must be obtained in megaelectron volts, 


Mgsc?/(1.6)10713 = (A + Am)931.5 = 931.54 + AE (7.22) 


where A is the mass number. In this case 931.5 MeV has been used as the 
energy equivalent of a mass unit. Since the mass numbers for the nuclear particles 
in the photonuclear reaction are related by Ax = 4 + Ay, 


SE, = 931.5(4 + Ay — Ах) + ДЕу + AEy — AEx 
= АЕ, + AEy — AEx (7.23) 


A table of mass excess (or mass deficit) values in kiloelectron volts is given in 
Appendix 5 for atoms. Ground-state nuclear masses can be obtained with suffi- 
cient accuracy from such tables by subtracting the appropriate number of electron 
rest mass energy values from the atomic mass values. 

The threshold energy hvmin for a photonuclear reaction is the least possible 
photon energy that will initiate the reaction. Equations 7.5 give | 


BE» 
2Mxc? 


In the limit where ВЕь < 2Mxc?, the threshold equals the binding energy. 
Notice that in this case there is no specific notation for the shell and subshell 
of the bound particle as with the atomic photoelectric effect. However, reactions 
with nucleons bound in particular energy shells within the nucleus would be 
characterized by particular values of Ey. When photonuclear thresholds are 
listed, they are usually values of SE, (Еу = 0). Table 7.2 shows some threshold 
energies for common photonuclear reactions. Only two reactions exist in which 
AVmin < 3 MeV Q5). 

In the preceding section, the photon momentum-to-energy ratio was shown 
to be very small. Because of this, one can substitute for Ty in Equations 7.20. 
As long as the incoming energy is greater than the binding energy and 
2Мьс?/Ть > 15 2Myc?/Ty > 1, then 


(ру)? sib JJ (py _ ЕЗ 
, ! ~ t ~ үу! = Ty 
Po tpy=0, Wo. po Трем, |му)2м My 


Пуп, = ВЕ) | + pe BE; = SE, + Ey (7.24) 


hv = BE, + Ts + Ty = BE» + 1 [1+22 | (7.25) 

It is apparent that heterogeneous high-energy photon beams can release neutrons 

or protons from absorbing nuclei with a variety of energies. Figure 7.13 shows 

the Spectrum of photoneutrons from а produced by 30-MeV bremsstrah- 
lung (26, 27). 

The totai photonuclear absorption cross section is the sum of all possi- 

ble individual reaction cross sections, іе. бул + Сур + Сул + Суор + 

Сурап +. . . . The giant resonance (GR) usually dominates the total absorption 

cross section. The photon energy that produces peak absorption Лир is about 
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Table 7.2 Photonuclear Threshold Energies 


Energy (MeV) . 


?H 2:22 2.22 
3Be г 1.67 16.9 
120 18.7 16.0 
160 15.7 12.1 
63Cu ; 10.9 6.1 
говрђ ЖЕ | 8.0 


ЕШ _________________________________——— 


20 MeV for light targets and decreases with increasing mass number (25). For 
heavy nuclear targets, the GR cross-section function can be written as (28) 


Е. 7.26 
7 (7.26) 


2403) _ Wa Gal Г/2т 
2М (hv — ћир): + (Г/2)° 


where M is the nucleon mass, a is the fine structure constant, and N is the 
target nucleus neutron number. It is sometimes convenient to use 0.06NZ/A 
in megaelectron volt-barns for the initial constants. Г is the level width and 


Figure 7.13 The energy 
spectrum of 
photoneutrons from 
tantalum is shown. The 
photoneutrons were 
produced by a 
bremsstrahlung beam 
with 30-MeV end-point 
. 4 _ 8 12 16 energy (26, 27). Adapted 
NEUTRON ENERGY (MeV) from Ref. 26. 
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Figure 7.14 The cross section for total photonuclear absorption in 19О is shown (31). 


represents the full width at half maximum of the GR. In this equation the 
functional dependence on hv was chosen to agree with the Breit-Wigner reso- 
nance line shape (29) to be discussed in Chapter 9, although other forms may 
also be appropriate (25, 30). 

Peak values for the total cross sections fluctuate considerably around the 
smooth NZ/A dependence expected from Equation 7.26. In fact, the functional 
form of Equation 7.26 is not particularly appropriate for low- and medium- 
weight nuclei because the giant resonance has considerable resonance substruc- 
ture. As an example, Figure 7.14 shows the photonuclear absorption cross section 
for an 160 target (31). 

Nuclear models are usually evoked to explain important aspects of photo- 
nuclear absorption. A nucleon fluid model is useful for explaining gross giant 
resonance properties, especially for medium and heavy nuclei (32). In this case 
the nucleus is described in terms of interpenetrating proton and neutron fluids. 
The center of mass of the proton fluid is capable of displacement with respect 
to the center of mass of the neutron fluid, thereby producing a dipole moment. 
The photon excites oscillations in the fluids when it is absorbed. GR substructure 
in light nuclei is usually explained with the aid of the nuclear shell model 
(33, 34). | 

Applications of photonuclear reactions are limited because of the relatively 
small cross sections involved. The magnitude of the peak photonuclear absorption 
cross section is never as much as 10% of the value for electronic absorption 
(15). Despite the small cross sections and the energies required, photonuclear 
activation of absorbers by high-energy bremsstrahlung is readily observed (35). 
A widespread manifestation of these reactions is the photoneutron component 
of the background radiation in accelerator rooms (36). 


7,5. Pair Production 


Pair production is the materialization of an electron-positron pair when a photon 
disappears in the vicinity of a nucleus (or atomic electron). The reaction was 
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discovered by Anderson in 1932 (37). It is the dominant absorption process - 
for high-energy photons. The pair production reaction can be indicated by 
X+ y — e7 + е* +X, where е” and е? stand for the electron and positron, 
and X stands for the nucleus (or atomic electron). Figure 7.15 is an illustration 
‘of pair production. One should remember that even when the reaction takes 
place near a nucleus, it is extranuclear; the particles produced are not. nuclear 
emissions. Degradation of the kinetic energy of electrons or positrons and posi- 
tron annihilation have already been discussed in Chapter 2.. 
Pair production occurs most often near a nucleus, but an atomic electron 
. is another possible site. An electric field is always necessary. When the reaction 
takes place near an atomic electron, it is usually called triplet production. This 
name is understandable since three particles move away from the interaction 
site: the positron, the electron produced, and the atomic electron in recoil. 
Momentum conservation and energy conservation equations for pair pro- 
duction are similar to Equations 7.1 except that two outgoing particles are 
involved: 


py=petp,.+py, йу + Mxc?- TL + mec? + Ту + mec? 
яр» MCIS LL (7.27) 
The subscripts — and + indicate the electron and positron, respectively. One 
need consider only the momentum components along the incident photon direc- 


tion to show that the nucleus (or atomic electron) must be involved. Equations 
7.27 сап be modified with the use of the energy expression E = Ор ЧБ mite | 


Dict 1 mic: | 


ћ ; 
py r = р! cos 0- + р! cos 04 + р, соз Өх => hv < ple + pyc + руб, 
hv = Ve? + т?с“ + /(iyict- mec + Ту | 
>hv>plet prot Туз - (7.28) 


positron, et 


nucleus 


incident photon 
hv 


electron, e 7 


Figure 7.15 A schematic representation of the pair production process is shown. 
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The angles 0-, and 0., and Өх indicate directions of departure of the electron, 
‘positron, and nucleus (or atomic electron), respectively. The first inequality in 
Equations 7.28 occurs because cos 0 < 1. The second is a result of the mec? 
terms. It is apparent that the two inequalities would be incompatible if the 
recoil particle X was not involved, i.e. if px = Tx = O, both of the results in 
Equations 7.28 could not hold simultaneously. 

The threshold energy for pair production near a nucleus can be obtained 
with the use of Equations 7.2 through 7.5. For threshold, Equations 7.27 can 
be written as 


ру= р; Фр. po Жуа = Т Ty, + Thage? (7.29) 


The minimum required energy occurs when the photon momentum is shared 
"| among the outgoing particles in the direct ratio of their masses. This leads to 
the analog of the result of Equations 7.5, 


(7.30) 


2 2 
ћу = inei + Мұс | 


2Mxc? 


In this case 2тес2 is the mass difference between the outgoing particles and 
the initial nucleus (or atomic electron). When a nucleus is involved, Mxc? > mec?; 
therefore, the theshold energy reduces to 2mec? = 1.022 MeV. When ап 
atomic electron is involved, 2mec? = 2Mxc? and the threshold energy is 
4mec? = 2.044 MeV. 

For pair production near a nucleus when hv > 2m,c?, the kinetic energy 
liberated is comparable to the photon energy. In this case the photon momentum 
can usually be neglected relative to the momentum of the outgoing particles 
and the nucleus will recoil as the electrons move away. Since the nucleus is 
very massive relative to the electron-positron pair, it will have relatively little 
recoil kinetic energy. In this case Equations 7.27 can be written 


ру =р- + ре+рх =0, hv=T-+ T. Tx +2mec? 
px &(p-^-p.)) hv= T-+ T+ + 2mc? (7.31) 


The cross section for pair production near a nucleus was first evaluated 
in 1934 by Bethe and Heitler (38) using plane wave approximations in a quantum 
mechanical formulation. Since there is symmetry about the direction of the 
incoming photon, the variables in the problem are hv, 0L, 0', Өү, Т”, and 
Т!. The nuclear kinetic energy can usually be ignored. Dependence on the 
angle of nuclear recoil 0%, on the angle of the outgoing electron 0-, and on 
the energy of the outgoing electron Т“, can be eliminated using Equations 7.27. 
Then when hv > 2m,c? and 0. < 1, the differential cross section per unit 
solid angle per unit energy can be written as (38): 


, А 2,2 
A OU жала. „.„ Ы 2 2 a Лву,Т.,0%,2) (032 
| тес б, 
ао+аТ+ [ +( m) ді 6. | 


m,c? 
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Figure 7.16 The angular distribution per unit solid angle and energy for production 
of a positron between angles 0', and 0', + 40% is shown (39). ' 


In this case f(hv,T+,0%,Z) is a rather complicated function. The dependence 
of the differential cross section on 6+ is illustrated in Figure 7.16 for several 
values of Тї. Notice that the distribution becomes more/ forward peaked as 
Т! increases. Generally, the root mean square angle between the incident photon 
and the outgoing electron is of the order of mec?/(T + mec?) for relativistic 
electrons (39). 

The result of integrating Equation 7.32 over solid angle 20+ сап be written 


52. = Z?rgag(hv,T.,Z) (7.33) 
The function g(hv, T}, Z) increases with increasing hv and decreases only slightly 
with increasing Z. The differential cross section do/dT* is shown on Figure 
7.17 as à function of T1. This figure can be regarded as a display of the theoretical 
energy spectrum of the positrons (or the electrons) produced. Although the 
electron energy will differ from the positron energy in individual reactions, 
these results show that on the average the energy hv — 2тес? is evenly shared. 
However, experimental positron and electron spectra show that the actual ener- 
gies are perturbed by the electric field of the nucleus. The positrons pick up 
extra energy from the nuclear coulomb force and the electrons lose energy by 
the same force; however, the change is small (11). 
The differential cross section of Equation 7.33 can be integrated over Ti 
to yield | 
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o(hv,Z)= = 52 dT} = Zera | g(hv,T+,Z)dTs = Z?rjah(hv,Z) (7.34) 


The function h (hv,Z) is plotted on Figure 7.18 (17). Notice that the cross- 

section is monotonically increasing with increasing hv. At high energies the 

reaction can occur at a substantial distance from the nucleus, and atomic elec- 

trons tend to screen the nuclear charge (40). Then if hv > mc?, 
1834.2 | 


ПРИЈА = A li = 


(7.35) 
ЖЗ”, 27 


The effects of pair production near atomic electrons (41) can be included by 
replacing 22 by Z(Z + 0.8). 

Dirac’s interpretation (42) of the expression for total relativistic energy 
E can be used in the discussion of pair production. Recall that 


Е? = p2c2+ me?ct, E=+4/p2c?+ mci (7.36) 


Dirac proposed that negative energy values given by the negative root should 
be associated with positrons much as the positive energy values are associated 
with electrons. Figure 7.19 is an illustration of this situation. The available 
free electron states are separated from the available free positron states by a 
gap of 2m,c?. Thus, the photon energy required to produce a pair is 7} + 
T- + 2m,c? and the threshold is 2тес2. According to Dirac the positron states 
are usually completely filled and are not normally observable. Small energy 
transfers between positrons are forbidden by the Pauli principle in this case. 


esae MÀ "T^ eee am am eee CUM — 


17.0 MeV 


hv — 2m,c? 


Figure 7.17 The energy spectrum of positrons from pair production is 
shown for several photon energies (38). Adapted from Ref. 11. 
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aluminum 


Figure 7.18 The 
pair production 
cross section is 


900040 402 105 ~  Shownasa 
function of energy 
PHOTON ENERGY (MeV) · (17). 


А positron and an electron аге a specific example of a particle-antiparticle 
pair (43, 44). Charged particles (e.g. electrons) and their antiparticles (e.g. posi- 
trons) have the same physical properties except they have opposite charge. Thus, 
it is logical to treat them as different states of the same system. In such а 
. Scheme, the antiparticle can be identified with a particular manifestation of | 
the particle, one which has opposite charge and moves backward in time. In 
addition, the available energy states belong to the negative square root in Equa- 
tions 7.36. | a 

Figure 7.20 shows several interactions between particles, antiparticles, and 
photons that occur in a space-time plane (45). In the pair production diagram, 


electron . 
levels 


forbidden 
gap 


positron 
levels 


Figure 7.19 The energy level sequence for electrons and positrons in free 
space is shown. The electrons take positive total energy states in the 
continuum and the positrons take negative total energy states. 
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Figure 7.20 The schematic diagram for the pair production reaction is 
similar to the diagram for bremsstrahlung if both are considered to be special 
cases of an antiparticle-particle interaction with a photon. 


the photon traveling forward in time interacts with an electron-positron pair, 
and the pair moves away in time. If a positron is equivalent to an electron 
moving backward in time, we can generalize from that representation to the 
particle-antiparticle representation in the figure. Positron time reversal is indi- 
cated by the reversed arrow direction. The bremsstrahlung representation is 
similar to the paiz production diagram, when this time reversal is considered. 
Departure of the positron after pair production is analogous to the arrival of 
the electron prior to emitting bremsstrahlung. Since the photon is its own antipar- 
ticle, emission is analogous to absorption on such a figure. 

This relationship between pair production and bremsstrahlung is evident 
in the cross-section dependence. Notice the factor Z?ro?a. occurs in the brems- 
strahlung cross-section expression given in Chapter 3 and in the pair production 
cross sections shown in this section. 


7.6 Attenuation Coefficients for Photon Absorption 


The photon absorption reactions discussed in the preceding sections of this 
chapter include photoabsorption, the atomic photoelectric effect (pe), photonu- 
clear reactions (pn), and pair production (pp). The letters in parentheses will 
serve as subscripts to identify the reactions in the next few paragraphs. 

The mass attenuation coefficient for an absorption reaction, (u/p)a, can 
be related to оға, the absorption reaction cross section per atom, by 
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- (и/рја = пъ а -(МА/Ма)ба  . (7.37) 
where N, is Avogadro’s number, nm is the number of targets per unit mass, 
and Mm is the mass per mole for the target atom. The equation nm = Na/Mm 
is appropriate for photon absorption, since cross sections are usually given for 
an entire atom ог for the nucleus. Recall that the relationship nm = Na(Z/Mm) 
was used in the preceding chapter for photon scattering coefficients. It was 
correct in that context since scattering cross sections are usually given for a 
single electron rather than for an entire atom. 

Figure 7.21 shows the mass attenuation coefficients for an iodine absorber 
as a function of photon energy for the atomic photoelectric effect and pair 
production. The mass attenuation coefficients for photon scattering are also 
shown for purposes of comparison. Notice that the photoelectric effect dominates 
at the lower energies shown; incoherent scattering dominates at intermediate 
energies; and pair production dominates at higher energies. This sequence holds 
for other absorbers, but the boundary energies between regions of dominance 
are a function of atomic number. Figure 7.22 shows the equal probability lines 
per unit mass of absorber for pairs of reactions as a function of Z and hv. 
As an example, at hv = 0.1 MeV photon scattering is most probable in carbon 
whereas photoelectric absorption dominates in lead. At hv — 10 MeV, photon 
scattering remains dominant in carbon, but pair production is most probable 
in lead. / | 


vf 
[| 


lodine | 


Figure 7.21 Тһе mass 
attenuation coefficients 
for coherent scattering 
(cs), atomic photoelectric 
effect (pe), incoherent | 
scattering (is), and pair | 
- roduction (pp) are 
10 10" 10! comedi (orem iodine 
PHOTON ENERGY (MeV) absorber (17). 
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ATOMIC NUMBER 


10 10 . 10 

PHOTON ENERGY (MeV) 
Figure 7.22 Equal reaction probability lines per unit absorber mass are 
shown in Z and Av space for pairs of photon reactions (17). 


In Section 7.3 the cross section per atom for the atomic photoelectric 
effect was shown to be proportional to 2" where the exponent п is a function 
of Z and hv. Figure 7.9 can be used to estimate the exponent at energies 
above the K edge for particular elements. Thus, if the mass attenuation coefficient 
for the atomic photoelectric effect can be found in a table for element 1 at 
some energy well above the K edge, the photoelectric mass attenuation coefficient 
for neighboring element 2 at the same energy can be estimated from 

Z"/M, 
(ш/р)рег Bb (ш/р)реі (7.38) 
This relationship is a special application of Equation 7.37 since the factor 2" 
is attributable to the dependence of the photoelectric cross section on atomic 
number. If precise values are not necessary, one can substitute n > 4, Mm > 
A => 27. In this case the photoelectric absorption probability per unit mass 
of absorber varies approximately as 23. 

Details of the internal arrangement of nucleons in the nucleus can affect 
photonuclear cross sections dramatically. Because of this variability, systematic 
relationships for photonuclear attenuation coefficients must usually include the 
giant resonance peak energies and widths (see Equation 7.26). For neighboring 
heavy elements, with similar GR widths, the average mass attenuation coefficient 
in the GR region is proportional to NZ/A. In this case a first-order estimate 
of the average photonuclear mass attenuation coefficient for element 2 can be 
obtained from the coefficient for neighboring element 1 by 


(М2/А); 


((ш/р)раа) = (82/4), (12/P))pna (7.39) 
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Since the neutron number N = 2 = А/2, the photonuclear absorption probability 
per unit mass of absorber is approximately proportional to A. 

In Section 7.5 the cross section per atom for nuclear pair production 
‘was shown to vary directly as Z? when the slow 2 dependence in the function 
h(hv,Z) was neglected. Under these circumstances the mass attenuation coeffi- 
cient for pair production for element 2 can be estimated from the coefficient 
for pair production for neighboring element 1 using 


_ (Z?/Mm)2 | ЈЕ 
(ш/рәрр2 = (Z2/Mm): (ш/р)рыі (7.40 


If Mm = А = 22, the pair production absorption probability per unit mass 
can be shown to vary approximately as Z. 

Mass energy transfer coefficients were defined in Section 5.2. They are 
proportional to the fraction of the energy lost by indirectly ionizing radiation 
which is converted into charged-particle kinetic energy. The mass energy transfer 
coefficient for the atomic photoelectric effect is given by (46) 


| 6 
(Htr/ P)pe = (p/ p»! wi r4 (7.41) 


where 8 is the average energy emitted as fluorescent electromagnetic radiation. 
It is the average of the product of the atomic electron binding energy and the 
fraction of the binding energy radiated as characteristic photons (fluorescent 
yield). The mass energy transfer coefficient for pair production is given by | 


2mec? | 
(ре рурә = (L/P) pp [1 — > | (7.42) 
The fraction 2mec?/hv is subtracted because the rest mass energy of the positron- 
electron pair is not directly converted to kinetic energy. 


1/90] Problems 


1. For the reaction У + y ђ + Y, show that the equations po = PylMo/ 
(Mp + Мұ), py = ру Му (М + Му) provide the minimum value of 
A = Ty + Ty = (рь2/2Мь) + (py?/2My) under the constraint that 
ру = po + py. To accomplish this, differentiate A with respect to py and 
set the result equal to zero. 

2. Estimate the mass decrease because of the electron binding energy (13.6 

- eV) for the hydrogen atom. Is this mass difference likely to be directly 
measurable? 

3. The transmission of a 1-cm cell containing a solution of Fe** and Fe*** 
ions (ferrous sulfate dosimeter) is only 50% of that value obtained before 
irradiation of the solution. The transmission was measured with a spectro- 
photometer at 3050A, a wavelength in which Fe*** absorption completely 
dominates. The molar extinction coefficient is 2197 per gram-mol-17!:cm"! 
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for the Fe*** ion at this wavelength. Calculate the concentration of the 
Fe*** ion. If the solution density is 10*? kg/m? and the G value (reactions 
per 100 eV) for oxidation of Fe** to Fe*** is 15.5, calculate the dose to 
the solution. 


. Suppose a 140-keV photon undergoes photoelectric effect in a lead sheet 


with а K-shell electron. 

a. What is the kinetic energy liberated? 

b. If it is assumed that this is all photoelectron kinetic energy, calculate 
the electron momentum and the photon momentum and compare the 
two. 


. For a 30-keV photon, compute the ratio of the photoelectric interaction 


probabilities for K-shell electrons to that for L-shell electrons in iodine. 


. Calculate the threshold for these reactions: ?Be(y,n)9Be; !*N(y,n)'?N; 


12C(y,2n)!9C. Use the mass tables in Appendix 5. 


. What is the mass attenuation coefficient for 150 at about 22 MeV for photo- 


neutron processes? Use the peak value from Figure 7.14. 


. Electric dipole absorption processes dominate when kr = (2ту/ c)r < 1, 


. where k is the wave number, v is the incident photon frequency, and r is 


10. 


11. 


12. 


13. 


the average radius of the absorbing structure. Would you expect dipole 
absorption to dominate for 20-MeV photons in 180 if the nuclear radius 
is given by R = RoA1/3 = (1.42)10 1541/3. m? 


. Consider the pair production raction in the center of mass system. 


a. Calculate the speed of the center of mass, Vem, in terms of ћуса and 
My, the target nuclear mass. At threshold in the center of mass system, 
the emitted pair and the nucleus are at rest; therefore, all outgoing parti- 
cles must be moving with speed Vem in the laboratory system. 

b. Calculate the laboratory system momentum values for p+, p+, and py 
using these facts. — 

c. Utilize the relationship py + p+ + p- = py = (hv/c)u for the laboratory 
system to calculate the relationship between the photon frequency in 
the center of mass system, Vem, and the photon frequency in the laboratory 
System, уар. 

Use the equation for the Lorentz force and the resulting acceleration 

[m(d?x/dt?) = v X B] to show that a particle with mass m and charge 

—q moving in magnetic induction B forward in time satisfies the same 

equation of motion as a particle with mass т and charge +q moving back- 

ward in time. 

Given that the mass attenuation coefficient for $9Cu is 0.474 m?/kg at 40 

keV (photoelectron dominates) and 0.0042 m?/kg at 2 MeV (incoherent 

scatter dominates), estimate the coefficient for °°Fe at these energies. 

What ratio of Z"/Mm would be necessary so that some substance had 

the same photoelectric mass attenuation coefficient as water at 10 keV? 

At what photon energy do the atomic photoelectric effect and the incoherent 

scattering have equal probability of occurrence іп H,O? At what photon 

energy is the kerma the same due to each process in Hz? Use the tables 


in Appendix 9. 
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8.1 Introduction 


Neutrons with substantial kinetic energy can initiate a variety of reactions in 
an absorber. In the discussions to follow, particular processes are grouped under 
two categories, scattering and absorption. In this chapter, neutron elastic scatter- 
ing will be considered; the next chapter will introduce neutron absorption reac- 
tions. Division of neutron reactions into scattering and absorption categories 
is analogous to the division of photon reactions used in Chapters 6 and 7. 
When neutrons are considered, these categories must be clearly defined so that 
common terminology is not confusing. 

For the purposes of this discussion, a neutron scattering reaction involves 
a change in direction of the incoming neutron due to an interaction with a 
target nucleus. Some degradation of the neutron kinetic energy is also implied. 
For elastic neutron scattering reactions, the incoming kinetic energy and the 
angle between the exit direction and the direction of incidence determine the 
exit kinetic energy. 

The distinction between scattering and absorption reactions for neutrons 
can be made using the reaction notation introduced in Chapter 7. Suppose n 
indicates the incident neutron and X represents the target nucleus. Then if 6 
represents the outgoing particle and Y is the symbol for the product nucleus, 
the reaction is X + n — b + Y. If the target and product nuclides are not 
specified, the general reaction category can be indicated by (zb). For example 
(n,n) represents neutron elastic scattering and (п,р) represents neutron absorp- 
tion followed by proton emission. | 

Only reactions usually called elastic scattering and indicated by (n,n) are 
discussed in this chapter; inelastic scattering reactions indicated by (12^) will 
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not be included. The energy of the outgoing neutron from an (п,п”) reaction 
depends on the residual nuclear configuration, since the product nucleus is left 
in an excited state (1). Inelastic neutron scattering reactions (n,n') are discussed 
in the next chapter since they fit more readily into that theoretical context. 

Theoretical derivations for neutron reaction cross sections often utilize 
waves with reduced wavelength X to represent the neutrons (2, 3): 


h h 
=— = (8.1) 
p V2M,T 


Of course, й is Planck’s constant divided by 27, p is the neutron momentum, 
M, is the neutron mass, and T is the nonrelativistic kinetic energy of the 
neutron. In this representation, an elastic scattering process can be described 
as a reflection of the neutron wave by the nucleus (4, 5). One can consider 
attenuation of the neutron wave in the interior of the nucleus in a description 
of neutron absorption. Neutron wave representations will be used in explanations 
of the differential cross sections given in Section 8.3. The wave-particle dichotomy 
apparent in photon scattering is also evident for neutrons, since particle collision 
parameters will be used in Section 8.2 to develop energy expressions. 

It is useful to subdivide the possible neutron kinetic energies into four 
ranges to facilitate discussion of elastic scattering and absorption of neutrons. 
Table 8.1 is a list of some commonly used energy ranges and the names applied 
(6, 7). The categories are useful since dominant reactions can often be identified 
in the regions given. The actual boundary energies do not imply a discontinuous 
change in properties and should not be emphasized in themselves. - 1 | 

The slow neutron category listed on the table includes several other well | 
known subcategories. Among them are thermal neutrons and cold neutrons.’ 
Thermal neutrons are in thermal equilibrium with their surroundings. At 293 
K the spectrum of thermal neutrons has a maximum at 0.025 eV. Cold neutrons 
have energies considerably less than 0.025 eV, often as low as 0.001 eV (7). 

Usually, neutrons in an absorber are degraded in collisions with nuclear 
targets. After a number of collisions have occurred, the neutron kinetic energy 
approaches the average value of the vibrational kinetic energy of comparable 
nuclear targets. At this point it is possible for an individual neutron either to 
gain or lose energy in a given collision depending on the specific neutron-to- 
target kinetic energy ratio. When large numbers of collisions are involved, an 

-equilibrium can be attained wherein the average neutron kinetic energy lost in 
collision is equal to the average neutron kinetic energy gained. When this equilib- 


Table 81 Neutron Energy Ranges 


Type Energy Range 
dom д н _ _ кн” -ә- eS НЕ а 
Slow neutrons 0<T<1 keV 
Intermediate neutrons i 1 keV € T «0.5 MeV 
Fast neutrons | . 0.5 MeV <T<10 MeV 


High-energy neutrons | 10 MeV <T 
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rium is attained, the beam is said to be thermalized. On the average, cold 
neutrons experience a net gain in energy in collisions with room temperature 
targets until they are thermalized. 

If the conditions for thermal equilibrium are fully satisfied, the group of 
neutrons will have a Maxwellian distribution in speed v that depends on the 
absolute temperature T° of the medium (7). If No is the total number of neutrons 
considered, 


3/2 2 
N(v)dv = 4т№] Aum v? ex|- er; dn (8.2) 
where N(v)dv is the number of neutrons with speed between v and v + dv 
and k is the Boltzmann constant. Figure 8.1 is an illustration of the distribution 
of thermal neutrons at temperature 7 = 293K (8). The most probable speed 
for thermal neutrons is about 2200 m/s. 

In the next section, energy relationships for elastic neutron-scattering reac- 
tions will be developed. The final equations will be given in laboratory system 
variables. In Section 8.3 the results of the partial wave treatment of neutron 
scattering will be discussed and some differential cross-section expressions will 
be given. Because elastic scattering is very important in energy degradation of 
a neutron beam, Section 8.4 includes a discussion of neutron degradation and 


RELATIVE NEUTRON DENSITY 


| 1000 2000 3000 4000 5000 
| SPEED (m/s) | 
Figure 8.1 Тһе distribution in speed for neutrons in equilibrium with surroundings at 


temperature of 293 K has a peak of 2200 m/s (8). 
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moderated spectra. Section 8.5 will relate the total cross section to the elastic 
scattering attenuation coefficient. 


8.2 Energy and Momentum Relationships 


In this section the equations governing the outgoing neutron kinetic energy 
and deflection angle for elastic scattering will be developed. The momentum 
and energy transferred to the nucleus and the energy loss fraction for a single 
collision will be obtained by application of conservation laws. The method will 
be sufficient for most neutron energies although relativistic formulations will 
not be used. The results will not be directly applicable to beams with an average 
kinetic energy approaching thermal values, since motion of target nuclei in 
the laboratory system will be neglected. | 

Collisional kinetics can often be described with simplified expressions in 
a reference frame moving so that the total momentum 15 zero. The center of 
mass (subscript cm) system, described briefly in Section 7.1, satisfies this descrip- 
tion, and will be employed to describe a neutron-nucleus collision. Useful expres- 
sions can be obtained by comparing laboratory system velocities with center 
of mass system velocities. Final results will always be given in terms of laboratory 
system variables since they relate directly to measurable quantities. 

To discuss an elastic scattering collision without confusion, variables that 
apply before and after the collision must be specified. Since two reference frames. 
are used in the following, a double set of these variables;is required. In the 
relationships that follow, the usual notation will be used for speed, momentum, 
and angle, except that these quantities will be represented by lowercase letters 
in the laboratory system and by capital letters in the center of mass system. 
Furthermore, the symbols for physical variables will bé unprimed before and 
primed after the scattering collision. The latter convention was used in Chapters 
6 and 7. When this notation proves unwieldy, symbols will be explicitly defined 
as used. In some circumstances, the subscript 4 will denote the nucleus with 
mass number 4. 

The scattering collision is easily understood with reference to Figure 8.2. 
Before the collision the neutron with mass М, approaches the nucleus (at rest) 
with speed v in the laboratory system. After the collision the neutron leaves 
with speed v' at angle 0'. The position and speed of the center of mass is- 
defined in the laboratory system by (9) | 


(Ma ar Mn rem = Mara + Мағ, 


_ Mava + Мур _ Мр V 


= = = (8.3) 
МА + Mn М+М. А+1 


cm 


The second result in Equations 8.3 was obtained by differentiating the position 
vectors with respect to time. Note that va = 0, since the target is at rest 
before the collision in the laboratory system. The nucleus-to-neutron mass ratio 
is approximated by A:1 in the last relationship for simplicity. 
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Figure 8.2 The collision between a neutron with speed v and a nucleus at rest is 
illustrated in two reference frames: the laboratory system and the center of mass system. 


The collision as seen by an observer in the center of mass system is also 
illustrated on Figure 8.2. The initial speed of the neutron and the nucleus in 
the center of mass system can be obtained by subtraction of the center of mass 
speed from the particle speed in the laboratory system, since the incident motion 
is directed along the x axis. We must use the momentum conservation relation- 
ships to obtain the particle speed in the center of mass frame after the collision. 

Since total momentum is zero in the center of mass system, 


p+ P= WDP, OP, ER (Ра = —Р (8.4) 

Because the collisions described are elastic, the total kinetic energy is conserved: 
, ! +2 

pic CP d y 4 Pa) (85) 


2M. 2М, 2M. 2М, 


Substituting from Equations 8.4 into Equation 8.5 gives 


p2 ЕГІЗ = КЕ P= Р, V-—V'—wv-—w 
2MnMa 2MnMa 


Ma + Mn fp dete a + Ма | Р, = Р' У, =V = (8.6) 
Pel 2 МАМА ]- c» 2 МАМА А A’ A A cm 
The particle speeds in the center of mass system are unchanged by the elastic 


collision. This relationship is utilized on Figure 8.2. 
In Figure 8.3 the velocity vectors after the collision in both reference 


frames are superposed on the same origin. The law of cosines (10) can be applied 
to the lower triangle giving 
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(v = (9 — Vem)? + v2. — 2Vem(V — Vean)cós xX’ (8.7) 


Furthermore, trigonometric relationships for angles 0' and x’ on Figure 8.3 
can be used to yield 

v' sin 0' = (v — Vem)sin x’ 

V’ cos 0' = Vem + (V — Vem)cos(a — X) = Vem — (V — Vem)cos Х (8.8) 


for x’ between 0 and 180°.. 
Substitution for —(0 — Vem)cos x’ in Equation 8.7 from Equations 8.8 
gives 


(v^)? = v2, + (V — Vem)? + 2Vem(V' cos 0' — Vem); 
(V) — 20'Vem cos 0' — v(v — 2Vcm) = 0 (8.9) 


Equation 8.3 can be used to eliminate Vem in Equation 8.9: 


2v'v | 20 
Ар lya m = 
‚ (v^) | 5080 o|o =o 
о 27% (A — 1) 
үг ор cem — у (8.10) 
(0) cos 0' — v TEXT 


Application of the quadratic formula (10) to solve Equation 8.10 for v' 
yields 


Figure 8.3 The vector triangles for the velocities in the neutron-nucleus 
collision are shown. Primes indicate values after the collision. The subscript 
A identifies the nuclear parameters; the subscript cm identifies center of 

_ mass values. 
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7 cos 6! Ф 
= + 


t 


[cos? 0' + (A — 1)(A + 1)]!?, 


ССА | 

| v 

t= , 2 — cin? A’\1/2 8.11 
v “жи с sin? 0")!!2] (8.11) 


The negative sign before the square root in the first of Equations 8.11 is not 
used because the resulting value is not physically acceptable at 6’ = 0. Zero 
degrees is the no-scattering limit with v' = v. | 

The neutron kinetic energy in the laboratory system after the collision is 
T’ = M,(v')?/2. That value can be related to the incident laboratory neutron 
kinetic energy, T = M,v2/2, using Equations 8.11 (1, 11): 


(8.12) 


А 2— cin2 0'\1/2 12 
т=р= sin? 0”) | 


(A + 1) 


The expression for the nuclear recoil kinetic energy in the laboratory system 
after the collision can be written as 


, ше өт , 2 
cos 0' + (4? T | (8.13) 


r,-r-r-T[-| Е, 


Equations 8.12 and 8.13 are analogous to Equations 6.13 and 6.14 obtained 
for Compton scattering of photons. 

Knowledge of any two of the elastic neutron collision variables, Т, T", 
Т), 0', and 6), is sufficient in principle to calculate any other variable. Energy 
and momentum conservation expressions assure it. A relationship giving 0, 
in terms of otlier variables is needed to complete the description. 

It is evident that the uppermost triangle on Figure 8.3 has two equal 
length sides. Then 


x' 79, +ф=20, (8.14) 

By dividing the second of Equations 8.8 by the first, and substituting from 
Equation 8.14, one can obtain 
я [0.7 0 — ОР) = COS X: г“ [(Ven/(v - Vem)| — cos 20, 
1 — A cos 204 

A sin 26", 
1 — A cos 22^] ki 

A sin 20, 


cot 0' — 


0' —cot! | 


The mass number A enters because of substitution from Equations 8.3 for Vem- 

Apparently all values of 0” are possible from the limit for no scatter, 
0' = 0, to complete backscatter, with 0' = т. However, as 0” approaches zero, 
. 0, approaches the limit of 7/2. Thus, the ranges on the angles are 0 < 0 € т, 
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7/22 0, > 0. Consider two cases to obtain the range of values of the 
final energy: 


1. For the limit with no scattering: 
| 00, 0,«-/2, Т-Т,Т,-0 
. 2. For the 180° backscatter limit: 


0m, 6470 r~|4—| т= Т Т,—.(1 — 97 
T, A » > PI A a " A 


Notice that the ranges for the kinetic energy variables are T 2 T 2 aT 
0x Т, € (1— a)T. We have used the collisional mass parameter defined by 
а= КА — D/(A + Df? above | | 

The important quantity in determining the energy limits for the scatterec 
neutron and the nucleus is the mass number А of the nucleus. When A is 
small, a large fraction of the incident energy "сап be transferred in a single 
collision. This facet of the energy transfer characteristics of elastic scattering 
is discussed in more detail in Section 8.4 on neutron moderation. 


8.3 Differential Neutron Cross Sections 


Algebraic expressions for neutron scattering cross sections have been presented. 
in many texts (1, 12-14). Derivation of the fundamental differential cross-section 
expression is a lengthy process. The calculations are usually made in the center 
of mass system with the incident neutrons represented by a plane wave and 
the scattered neutrons represented by a radial wave diverging from the nuclear 
scattering center. The incoming and outgoing waves are coherent, so interference 
effects occur. In the usual derivation, the incident neutron wave and the scattered 
wave have equal wavelength and momentum in the center of mass system. 
This guarantees that the reaction described is elastic scattering. It does not 
imply that neutron kinetic energy is unchanged in the laboratory frame after 
the collision. In fact, the target nucleus must absorb momentum in the laboratory 
system, so degradation of the incident neutron kinetic energy is assured. 

Elastic scattering of neutron waves from a nucleus involves two different 
processes: potential (shape) scattering and resonance (compound) scattering (4, 
5). Potential scattering is caused by the discontinuity in the neutron potential 
energy curve due to the nuclear force and can be considered a reflection at 
the nuclear surface interface. Resonance scattering occurs because part of the 
incident wave passing through the nuclear surface emerges as a radial wave. | 
Resonance scattering occurs with large amplitude only for specific neutron wave- 
- lengths that produce transient nuclear states of well defined energy. 

Total cross sections for elastic neutron scattering will be discussed in Sec- 
tion 8.5. The cross section (15) of Figure 8.4 for АЈ is a good illustration 
since in the intermediate- and slow-neutron region for this nuclide, elastic scatter- 
ing is dominant (7, 16). Potential elastic scattering produces the smooth compo- 
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Figure 8.4 The total neutron cross section or mass attenuation coefficient for nucleus 

А has a flat low-energy region but shows resonances at higher energies (15). One 


barn = 10728 m2, 


nent of the curve at lower energies. The peaks occurring between 10 keV and 
1 MeV are characteristic of resonance elastic scattering. At energies well above 
1 MeV, absorption reactions occur with substantial probability for Al. Neutron 
absorption reactions for targets other than 27Al may dominate even at slow 
and intermediate energies (15). 

It will be instructive to consider some differential cross-section results. 
First consider the effects of the potential of the nuclear force on the neutron 
wave. Suppose that the incident neutron wave, with center of mass wavelength 
A, can be represented by a sum of components of the general form віп(2тғ/А 
— фо). In this form ғ is the radial distance from the center of the spherical 
nucleus, and фо is a phase factor. At distances well removed from the nuclear 
surface, the emerging neutron wave can be changed by the nuclear target in 
two ways: 1) the wave amplitude can be reduced by nuclear absorption; and 
2) the phase of the wave can be shifted when compared to the phase of the 
incident wave. — 

Both effects of the nuclear center can be included in a complex wave 
perturbation factor 1 with amplitude factor N, which is real. Then 


n= N ехр(216) = N(cos 26 + i sin 26) (8.16) 


where i = 1. The phase shift 5 governs elastic scattering of the neutron 
waves. The amplitude factor М is especially important for neutron absorption 
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in the nucleus. N is bounded such that O € N < 1. When N = 0, absorption 
is at a maximum; when N — 1, only scattering occurs (6). 

The effect of the phase shift on the scattering is more subtle than. the 
amplitude effect. The shift occurs because the neutron wavelength inside the 
nucleus is altered from the free space wavelength (3). From Equation 8.1, if 
we use the total energy E as the constant of the motion, 


A h_ h | 
> Rye =t =- => Е= Ты V=0; 
от Р УМЕ Es | 
^ _й h 
осеек,„—_=-=—_-----н Е-К= Т, У<0 (817) 
EU PE 2M Er У) | 


In these equations, R4 is the nuclear radius, Tout is the incident neutron kinetic 
energy in the center of mass system but outside of the nuclear force field, and 
Ti, is the kinetic energy inside the region of the nuclear potential, V. Since 
the neutron wave must join smoothly through the nuclear surface, a phase 
shift 8 in free space can occur as illustrated on Figure 8.5. In this case the 
total wave at large distances from the nucleus is given by sin [(2тг/А) —фо 
+ 8)], instead of sin |Отғ/ А) — фе] for the incident wave. 

It is usual to write the total neutron wave as a sum of partial waves 
with index J, the orbital angular momentum quantum number. The allowed 
values of 1 are 0, 1, 2, 3, . . . corresponding to s, p, d, f . . . neutron waves, 
respectively. The differential cross section as a function of angle ©' ofthe outgo- 


| | | Incident Wave 
| 


sin (2 тг/А — фе) 
A X_N 

See T Se eo Total Wave 

| = -> sin (2 тг/А- po + ба) 
Бүр 4 Ку“ а => 

| №624 6--->2 Total Wave 

| =| 5 | sin (2 тА —ф +8) 

PAL У лави“ EN 


r 


Nuclear 
Force 
Potential 


Figure 8.5 Ап incident neutron wave as well as several possible total waves are shown 
to illustrate the phase shift (13) for the case of small wave amplitude in the nucleus 
(ба) and the case of large wave amplitude in the nucleus (дь). 
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ing neutron is then written as a sum of cross-section values for each partial 
neutron wave indicated by /. These cross sections involve a set of wave perturba- 
tion factors 7 similar to the value given in Equation 8.16. Then (6) 


do(A,9) _ | А | = Б ЕР 1 


аа” эл 2, (1—9) a [neos o» 


2 
(8.18) 


l 


The symbol do(A,@')/dQim stands for the differential cross section per unit 
solid angle for neutrons leaving at angles between ©’ and O' + dO’. The functions 
Р,(соѕ ©”) are the Legendre polynomials for center of mass system angles O' 
(179! 

The sum in Equation 8.18 is formidable unless the number of terms can 
be limited with ту = 1 (no absorption, no scatter) beyond some maximum l. 
Actual limitations depend on the neutron wavelength and the nuclear dimensions. 
Fortunately, important cases exist where only the / = 0 term (s wave) need 
be considered. 

For our purposes the interaction probability is determined by the impact 
parameter b, which represents the perpendicular distance of closest approach 
between the particle center and the nuclear center. Since the angular momentum 
P of the incoming neutron about the nuclear center is quantized. 


| pr? _ [2mb]? 
Pb KDE, ЦІЗІ)--;, = [22] (8.19) 


If the nucleus is spherical and the range of the nuclear force is small compared 
to the nuclear radius, the maximum impact parameter allowing efficient interac- 
tion is the sum of the neutron radius and the nuclear radius, R = Rn + Ra. 
Thus, reactions occur with high probability when /(/ + 1) < [27 R/A}?. For 
larger / values the neutrons represented pass beyond the range of the nuclear 
force. The factor must approach one for these cases since interactions are 
improbable. Although this picture is oversimplified, it is useful conceptually. 
"The information on Table 8.2 can be used to demonstrate that for neutron 
beams with T < 1 MeV, 2-7 R/A < 1. Thus, the s-wave (1 = 0) term is 
likely to be dominant for intermediate and slow neutrons. 
The center of mass system angular distributions resulting from Equation 
8.18 can be represented as a power series in cos ©, where the highest power 


Table 8.2 Neutron Wavelength Versus Nuclear Radius 


2TRA/À 
Tem (eV) M А/2т (m) 160 208 Pb 
» 5. 
10° ^. (4.5)107? (6.2)10-* (1.4)10-2 
10° ^ (4.5)10:13 (6.2)10-3 (1.4)10:2 
10% (4.5)10-™ (6.2)1072 (1.4)107! 
108 (4.5) 10735 (6.2)10-! (1.4)10° 


Ra = (1.1)10-:54: m (3). 
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that must be included is equal to twice the maximum value of / included in 
the partial wave formulation (18). This means that for s-wave scattering with 
1 = 0, the angular distribution of emerging neutrons is symmetrical about the 
point of the collision in the center of mass system. If other values of [ате 
included, the distribution is shifted toward the forward direction. Figure 8.6 
shows two high-energy distributions in the center of mass system that show 
maxima and minima (19). For the energies shown, partial waves with / > 0 
must be included. The qualitative pattern of these distributions is similar to 
that for light diffraction around the edge of an opaque object. 

- The distributions shown in Figure 8.6 occur when the nuclei act indepen- 
dently as scattering centers. When the target nuclei are held in a periodic array 
in a crystal, coherent scattering from the crystal planes can occur. The neutron 
wavelength must be of the order of magnitude of the crystal plane spacing 
(12). Thus, for common crystals coherent effects occur only for slow neutrons. 
Angular distributions for coherent neutron scattering from crystals have maxima 
and minima at angles governed by the lattice parameters and the wavelength, 

‘similar to Bragg x-ray scattering (6). 


T=14 MeV 


Figure 8.6 Angular 
distributions for elastic 
scattering of 1-MeV and 
14-MeV neutrons are 
shown as a function of the 
center of mass scattering 
45° 90° 135° angle of the neutron for 
ANGLE (center of mass) a 59Co target (19). 


LOGARITHM OF DIFFERENTIAL CROSS. SECTION 
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In the following paragraphs, differential cross sections for low-energy elas- 
tic neutron scattering will be discussed, and laboratory system angular distribu- 
tions will be obtained. In the low-energy limit, the neutron wavelength is consid- 
erably larger than the nuclear radius К/А < 1, and only s-wave scattering 
will be considered. Furthermore, at sufficiently low energies, the neutron wave 
does not penetrate into. the nuclear surface but is reflected at the potential 
interface. Because of this, absorption is negligible and N = 1. When the neutron 
wave is excluded from the interior of the nucleus, the change in path of the 
wave must be Ra, the nuclear radius. The phase shift must be 6 = 27 Кл/Л 

Under these conditions Equation 8.18 reduces to the s-wave result 


до EI |t = т? 


до 2T 4 
ЛЕ А 12 _ 4 gU P со(4) 820 
= s |1- exp(4miRA/ A)? = Ra кт (8.20) 


The first part of Equation 8.20 follows directly from Equation 8.18 because 
Po(cos ©) = 1. One must expand the exponential in Equation 8.20 and keep 
the first two terms to obtain the final result. The symbol c for the s-wave (1 
= §) total cross section can be used since the total solid angle is 47 sr. The 
dependence of тө on mass number А 15 indicated because the radius R4 increases 
with A. Notice that со does not depend on angle or energy. Elastic s-wave 
scattering is isotropic in the center of mass system and the cross section versus 
energy is flat. 

Equation 8.20 is a center of mass system relationship, but for our purposes 
expressions with the laboratory system variables are preferable. The second 
equation in Equations 8.8 can be differentiated to convert the s-wave cross 
section per unit solid angle to the laboratory frame. 

sin x’ ах = —v' sin 0” d0' + cos 0 dv (8.21) 
V — Vem 
—v' sin 6’ 40' + cos 0' dv’ 
v[A/(A + 1)] 


The second of Equations 8.3, including the center of mass speed, was used 
above. In addition, it was necessary to utilize the fact that x’ and ©’ are supple- 
mentary angles. From Equations 8.11: 


sin Х ах = —sin(r — ©')4©' = —sin O' dO' = 


v 6 : , 
ЕТ. + (4? — sin? 67/2 
DLL S cos 0' 
dim "m sin 0 d0 | V ESO "EE 


(8.22) 


cos 0' + (A? — sin? а 

(А? — sin? 0')!/2 
Substituting the last of Equations 8.22 into the last part of Equations 8.21 
yields 


sak Hy ae| 
ТЕҢ | 
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sin 0’ 40” 


sin ®' dg! ==" [cos 0 + (4? — sin? Өз] f1 + ч 


| (42 — sin? 6") 7] 
. Sin 0' 40” [cos 0’ + (4? — sin? 0'):/2]2 

Á (A? — sin? Ор" 
The solid angle Nem and wavelength A in the center of mass system deter- 


mine the solid angle Q’ and ener ey. T respectively in the laboratory frame (6, 
11): 


(8.23) 


dow(1,0) |, do(A,9 
ug паст MES 
4090) _ «(A)[cos 0 — (4* sin? 0)? "m 
dQ! 477A (A? — sin? 0'):/2 | 


This is one of the laboratory system results needed. Furthermore, the solid 
angle 40” involves angles between: 6’ and 0' + 40” such that 27 sin 6’ 20' = 
dQ’ in the laboratory system: 


doo(6) do(6’) do(0) . 
c A, Uc = му / ‘= — > ' ад" 
Goa ти Td 
4200) _ Fol A)lcos 0' + (A? — sin? 67/21: sin 0! (8.25) 
10' 2A (A? — sin? 0"): 2 


Note that Equations 8. 24 and 8.25 are sufficient for the гапре0<0' < 180° 
for s-wave scattering. The angle 6’ represents the half-angle of a сопе 
with apex at the scattering center. Тһе. factor of 27 sin 0”, which occurs in 
Equations 8.25 and not in Equations 8.24; means that the distribution per unit 


30° 90° 150° 


Figure 8.7 The angular ОНОЙ for s-wave scattering in the laboratory system is 
shown for scattering targets with several mass number values. The results are normalized 
to 1.0 at the maximum for comparison. 
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angle always goes to zero at 0° and 180°. The same effect occurs for Klein- 
Nishina scattering of photons (20), as described in Chapter 6. The s-wave labora- 
tory system angular distribution given by Equations 8.24 is shown on Figure 
8.7 for several values of A. The s-wave differential cross section per unit angle 
given by Equation 8.25 is shown on the bottom half of Figure 8.8 for several 
different target mass numbers. Forward angles are favored in the laboratory 
system, especially for light targets. 

The differential cross section per unit angle for scattering with the nuclear 
recoil at an angle between 6’, and 6’, + 40% can be obtained with the relationships 


do) 
Т7 


аоо(06” 


dg, = 9020460 = ul (8.26) 


1 — A cos 2] 
ав 


А sin 20, 


The second equation in Equations 8.26 was derived in Section 8.2. Radial plots 
obtained from Equations 8.26 for s-wave scattering are shown at the top of 
Figure 8.8 for several values of A. 

The s-wave differential cross section given іп terms of 7” and T will be - 
utilized in the discussion of neutron moderation in the next section. Since Equa- 


Figure 8.8 The relative 
differential cross section 
per unit angle for s-wave 
scattering in the 
laboratory system is 
shown for scattering 
targets with several mass 
number values. The lower 
half of the figure is shown 
for the outgoing 
neutrons, the upper half 
for outgoing nuclear 


о 


80 targets. 
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tions 8.25 must be expressed i in terms of energy T', it is useful to differentiate 
Equation 8.12: 
‚_ 2T ѕіп Ө q0' 1 | e 
dT кла Сб тї [cos 0' + (42 — sin? 0')1/2] | + 
(А + 12 - (A?—sin? 6’)!/2dT’ 
2T [cos 8’ + (4? — sin? 0"):/2 ]2 
The second of ЗА 8.27 сап бе substituted into the last of Equation 8.2 


to give 
, 2 | 
do(T,T) а _ _ 320) пр С ба. › аћ = 9%4)4Г (в.з 


dq dé’ 4AT (1--а)Т 

The minus sign in Equation 8.28 occurs because T" decreases as 0” increases 
The collision mass parameter a simplifies the expression. Equation 8.28 shows 
that the scattering probability is independent of Т” and depends only on 7 
and A. The illustration at the top of Figure 8.9 shows the differential cross 
section given in Equation 8.28 plotted against 7". Notice that it is flat in the 
allowed range where Т' is between aT and 7. 

The cross section do(T',,T)/dT', is similar to that given by Equation 


` cos 0' | 
(А2 — sin? 61/2 | 


sin 0' ад' —— (8.27) 


(тут) 


бт) 


Figure 8.9 Differential 
cross sections per unit 
energy for s-wave 
scattering in the _ 
laboratory system are 
shown as a function of 
energy T" of the scattered 
. neutron (top) and energy 
Т, of the nucleus. 
US | Ta (ОГЫЛ 
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8.28 except that dT’, should replace dT’. The allowed values in this case occur 
. when T", is between 0 and (1 — a)T. This quantity is shown at the bottom 
of Figure 8.9 when plotted against T}. 

The energy distributions illustrated in Figure 8.9 are very simple. The 
upper graph is proportional to the scattered neutron spectrum; it should remind 
us that elastic scattering is very inefficient for energy degradation for heavy 
nuclei, with A > 1, a — 1. In this case, scattered neutrons have almost the 
same energy as the incident neutrons. The lower graph can be related to the 
pulse-height distribution obtained from elastic scattering in neutron scintillation 
detectors (21). The distribution is reminiscent of the Compton scatter plateau 
that occurs for photon beams except that there is no analog of the Compton 
peak. 


8.4 Neutron Moderation 


As a neutron beam is moderated, the kinetic energy of the individual neutrons 
is degraded, perhaps to thermal energies. In light nuclear materials, the process 
occurs predominantly through the agency of elastic scattering as long as the 
kinetic energy is less than 1 MeV. In medium to heavy nuclei, inelastic scattering 
often is significant in the degradation process. Nevertheless, elastic scattering 
usually dominates below 100 keV (1). A discussion of neutron moderation is 
included in this chapter because it is so closely associated with elastic scattering. 

‘Neutron energy degradation by elastic scattering can be described with 
simple expressions because the average fractional energy loss in a single collision 
is independent of the incident energy. Equations 8.12 and 8.13, when divided 
by 7, give the fractional energy retained and the fractional energy lost, respec- 
tively. These fractions are dependent on the angle of scatter and the mass number 
of the scattering nucleus, but are independent of incident kinetic energy. The 
fractional loss is not independent of incident energy when photons are degraded 
by scattering. The energy loss fraction for Compton scattering is a function of 
the incident photon energy through the factor a = ћу /тес2. 

The algebraic expressions obtained in this section will generally be valid 
in the region below 100 keV and well above thermal energies. Since the s- 
wave total cross sections will be used, the effects of higher angular momentum 
terms as well as inelastic scattering are not included. Furthermore, near thermal 
energies, chemical bond effects and nuclear motion may be important. The 
developments utilized previously have ignored these effects, and they will not 
be included in the discussions to follow. 

Equation 8.28 can be utilized to calculate the average energy retained 
after an s-wave elastic collision between a neutron and a nuclear target. Since 
factors independent of T can be canceled, 


T 4 T і 
| рат |" тат 
_ У aT 


ы c чаш» 
T а Ч 
T dT ат 
n ат n 
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The average fraction (T’)/T depends only on a = [(A — 1)/(A + 1)]?. Consider 
neutron collisions with, nuclei with A = 1, A = 12, A = 208, for elements 
hydrogen, carbon, and lead, respectively, to illustrate the dependence on A. 
The average fraction of energy retained after each collision is 0.50, 0.92, and 
0.995, respectively. Light elemental targets are more efficient per collision for 
neutron energy degradation than those made from heavy elements. 

Consider a series of moderating collisions 1--» k for a single neutron. 
Suppose the initial neutron kinetic energy is То and the final value is Т). Interme- 
diate kinetic energy values аге Tı, Т», Тз, and so forth, for k total collisions. 
One can write 


To/Ty =(To/T1)(T1/T2)(T2/Ts) . . . (Tk-i/ Tk) (8.30) 


Average kinetic energy values are desired since one usually deals with a beam 
consisting of many neutrons. It is convenient to take the logarithm of each 
side of Equation 8.30 so that fractions can be separated before averaging. In 
this form one can make use of the rule that the average of a:sum is equal to 
the sum of the averages. If ( ) indicates averages, 


(In(To/Tx)) = (In(To/T:)) + In(T4/T2)) +. . . (In(Tka/Tk)), 
(іп To) — (In Tx) = k (In(T/T?) = КЕ | (8.31) 


The last equation in Equations 8.31 represents the average result of k individual 
elastic scattering collisions. If the average value of the reciprocal degradation 
fraction £ is known, the average value of the final kinetic energy can be estimated 
from the number of collisions and the initial energy. 

The reciprocal degradation fraction for a beam of monoenergetic neutrons 
can be evaluated using Equation 8.28 when s-wave scattering is dominant: 


T ! i Т 
[ аут) Ут | рси 
= (In(T/T')) === _ ra cnn 
д ЈЕ 4о(Т.Т) ү! (1—a)T 
aT ат 
2,4 пе (8.32) 
Гс 


Evaluation оҒ е integral in Equation 8.32 is straightforward (10). The result 
given by Equation 8.32 will hold whether or not the beam of neutrons is monoen- 
ergetic, since the reciprocal degradation fraction is the same for each component 
neutron energy. 

Table 8.3 shows values of the average reciprocal dep АН fraction for 
various targets. Notice that hydrogen represents a special case because Equation 


8.32 is not defined when a = [(4 — 1)/(A + 1)]? = 0. The limit as a approaches 


zero is valid in this case. Table 8.3 also has a column showing the average 
final energies after 1-MeV neutrons have participated in 10 collisions. It is appar- 
ent that low A materials moderate neutrons with fewer collisions than high A 
materials. 


е2 
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Table 8.3 Properties of Moderating Nuclides 


______________________________---- 


Average Reciprocal 


Nucleus Degradation Fraction Average Final Energy? 
ee 1 пи шиши | Сыа 
1H 1.000 45 eV 
2D 0.726 703 eV 
TR 0.260 74 keV 
HC 0.158 206 keV 
160 0.120 301 keV 
GEE 0.035 705 keV 
208Pb 0.010 905 keV 


E n ——— 


a T — | MeV, 10 collisions. 


A quantity called the lethargy L (1, 7, 12) is defined by 
L-l|n(To/T) To=10 MeV (8.33) 


It is often used as the variable for the abscissa of neutron spectrum plots. One 
advantage of this practice is that a wide range of energies can be covered in a 
single figure; another is that for equilibrium degradation spectra, equal lethargy 
intervals contain equal numbers of neutrons. 

The form of the elastic scattering s-wave degradation spectrum (1, 22, 
23) can be obtained for the case of a monoenergetic source emitting S neutrons 
per unit volume. The source is uniformly imbedded in moderating material 
with attenuation coefficient Pes for elastic neutron scattering. Equation 8.32 
shows that the average increase in lethargy for source neutrons per collision 
is a constant for a given moderator. The number of elastic collisions in unit 
volume per unit lethargy change is also a constant, since it is related to the 
inverse of the lethargy increase. In the steady state, neutrons emitted from 
the source must pass through successive lethargy steps with lethargy gain of 
Ё per step. Therefore nz(L), the average number of collisions per unit volume 
per unit lethargy, is given by 


5 
n,(L) ^ z (8.34) 

5 
The average number of collisions per unit volume involving neutrons with 
initial kinetic energy between T and T + dT can be called пт(Т)4Т. This 
quantity must be equal to the product of the differential neutron fluence 

$(T)dT and the attenuation coefficient pres: 

nr(T)dT (835) 


пт(Т)4Т = Ф(Т) ме47, p(T) dT = 


: es 
Distributions in lethargy and kinetic energy are related by Equations 8.33: 


Да КЕ 
ne(T)dT =—n,(L)dL, тт (Т) = noi ED (8.36 


Combining Equations 8.34 through 8.36 gives 
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Figure 8.10 The product of the kinetic energy and the fluence for 4 fission reactor is| 


shown. The fission peak and the thermal peak are apparent. The moderating region is 


| 
quite flat. Adapted from Ref. 22. 


"(УАТ _ Sdr 
(8.37) 
® % ои Mes T EpesT Т | 


Since Ме is independent of Т for s-wave elastic scattering, Equation 8.37 shows 
that the neutron fluence is inversely related to the kinetic energy. Thus 


5 (зат 
Epes Ті Т 


T: 
Abria = Д Т) aT = 
Я Ty 


(In Tz —In T) = E HOC (8.38) 


== Hes 
Equation 8.38 shows that equal lethargy intervals contain equal numbers of 
neutrons. 


Figure 8.10 is a plot of ТФ(Т)аТ versus the logarithm of the energy for 
reactor neutrons (22). Notice that the curve is quite flat at intermediate energies 
well away from the fission peak and the thermal peak. 


8.5 Attenuation Coefficients for Elastic Scattering 


In the first part of this section, the differential cross-section expression given 
in Section 8.3 will be integrated and the total elastic scattering cross section 


Neutron Elastic Scattering Reactions 185 


will be obtained in laboratory system variables. Mass attenuation coefficients 
will then be related to the total cross sections. These values can be utilized in 
problems involving neutron elastic scattering in much the same way as the 
mass attentuation coefficients for incoherent scattering of photons are utilized 
in photon beam problems. 

The total cross section for neutron interactions in the center of mass frame 
is most easily obtained by integrating the differential cross section of Equation 
8.18 over the solid angle for a sphere. Because the functions [(21 + 1)/2]'? 
P,(x) are orthonormal on the interval —1 € x < 1 (17), the integration is 
simplified: 


do(A,@' 
o(A) = | тө) адс 
cm 


ЕЛАР: 


2 
x (= >) P,(cos ©') | 27 sin O' а0', 


ре т (Met 1 77-3 Ш 
o(A) E Y (tan P + DÍ (SS P,2(cos ©')sin O' dO 
Ат 1=0 0 2 


ЛАЎ 
== 2 [has Саша (8.39) 


Equations 8.3 and 8.6 can be used to relate the momentum P of the 
neutron in the center of mass system to the momentum p in the laboratory 
system by the expression 


A 
Р = Ma (v— Vem) = РИ – 1/(А + 1)] = ти (8.40) 
Then Кот Equation 8.1, | 
2 
РЕЈ | ——— | E Ба (8.41) 
P. pig (МТ) 2| A 4п ЗпМТ| A 


Center of mass cross-section expressions can be evaluated in the laboratory 
system with the aid of Equations 8.41. 

The maximum value for the elastic scattering cross section occurs when 
№ = 1 апа б = 7/2 (m = — 1). The waveform for this case is illustrated 
on the bottom of Figure 8.5, where the neutron wave amplitude is the same 
inside the nucleus as it is outside. This is a case where resonance scattering 
dominates: 


А? = | із [ATIS 
Tma A) = % (1+1), сат) им, [5] 20!+9 (8:42) 


The first equation is for the center of mass system; the second is for the laboratory 
system. | 
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The value for Cmax given above is the resonance peak value indicated 
on Figure 8.11. The conditions that produce cross-section resonances are dis- 
cussed in some detail in the next chapter. For resonance scattering of neutrons, 
the usual shape of the peak is somewhat distorted because of interference effecis 
(13). At energies just below the peak energy, potential and resonance scattering 
interfere destructively. At energies just above the peak energy, potential and 
resonance scattering interfere constructively. The resonance shape with interfer- 
ence effects is distinctive enough to be useful in identifying elastic scattering 
peaks on a cross-section plot (see Figure 8.4). 

In the low-energy scattering limit, the neutron wave is excluded from 
the interior of the nucleus. Then, with / = 0, No = 1, and 69 = 2c R,4/A < 
Equation 8.39 yields the s-wave elastic scattering result: 


ped С с | 
A 


The result was obtained by expanding the exponential. This value for со was 
anticipated in Equation 8.20. Although it was obtained from center of mass 
system expressions, it is valid for the laboratory frame also. Nonrelativistié 
total cross-section values are independent of the reference frame (6). The ГАЈ 
cross section shown on Figure 8.4 is an example of an s-wave result and is 
nearly independent of the incident neutron energy in the slow-neutron range. 
Many other light elements have flat cross sections in this range although there 
are some notable exceptions (15). For cold neutrons the cross Sections are not | 


A2 со А2 
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Figure 811 A typical elastic scattering resonance is shown. The characteristic 
interference effects are evident both before and after the peak energy. 
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-onstant when there are coherent interference effects in the sample crystal planes 
(12). 

Figure 8.12 (24) shows that the values given by Equation 8.43 are approxi- 
nate at best, since the measured cross sections are widely dispersed around 
ће line given by 47 R4? for different Z values. Some of the differences between 
the data points and the line occur because Z is not a smooth function of A 
for the nuclear targets chosen. Furthermore, nuclei are generally not spherical, 
so the radius is not well defined (5, 6). A major reason for the differences is 
nterference between potential and resonance scattering. The interference effects 
are very prominent if resonances exist in the energy region considered. The 
cumulative effects of clusters of distant resonances can also produce substantial 
deviations. (1). 

The total cross section for neutrons incident on hydrogen from 0.1 eV 
to more than 1 MeV is shown on Figure 8.13. This figure is important because 
of the large amounts of hydrogen in tissue and the extensive use of hydrogenous 

aaterial in neutron shielding material. The value of 20.7 barns (1 b = 10728 
m?) at low energies is due almost entirely to elastic scattering, since the capture 
cross section is only 0.3 b at thermal energies. As shown on Figure 8.13, the 
cross section for a gaseous hydrogen target differs from the value for hydrogen 
in a water target at lowest energies. Furthermore, both cross sections increase 


15 


10 


CROSS SECTION (10: barn) 


40 50. 60 70 80 90 


ATOMIC NUMBER 
Figure 8,12 The experimental values for the total elastic scattering cross section are 
shown for slow neutrons incident on a variety of targets as a function of Z. The theoretical 
cross section values of 47 R4? are given by the solid line with Ад = (1.4)10754?'5 (1, 
24). One barn = 10-8 m?. Adapted from Ref. 1. 
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Figure 8.13 The cross section for neutrons incident on hydrogen is quite flat in the 


slow neutron region (8). It increases at lower energies because of the chemical bond 
effect (1, 12, 13). 


/ 


as the neutron energy is decreased below 1 eV. These effects are attributable 
to chemical bonds: the neutrons can not transfer sufficient energy to sever bonds 
on the target atom or efficiently excite vibrational levels for the molecule. In 
this case the target proton does not act as a separate entity, and the entire 
molecule, with larger dimensions, becomes the scattering entity. these effects 
are also important for light nuclear targets other than hydrogen. Generally, 
when nuclear targets of mass number A are bound to a molecule (1, 12, 13), 
the cross section increases by a factor of [(A + 1)/A]? for neutrons with kinetic 
energy less than 10-2 eV. | 

The cross sections discussed above can be used to obtain the mass attenua- 
tion coefficient for elastic neutron scattering. As indicated in Chapter 5. 


| (U/P)es = пт бе ^ —— (8.44) 


where p is the density of the target material, and the number of target nuclei 
per unit mass is пъ = Na/Mm, where № is Avogadro’s number and Mm is 
the mass per mole. The subscript es denotes elastic scattering. 

The mass energy transfer coefficient for elastic neutron scattering is given by 


ЕЖЕ 


It is assumed that the target nuclei аге ionized because of the sudden momentum 
change (shake-off). This equation can be further evaluated in terms of mass 
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Figure 8.14 The fraction of the energy transfer from a neutron beam to 
an oxygen absorber is shown for various reactions as a function of neutron 
energy (25). Notice that the elastic scattering contribution dominates at 
lower energies. Adapted from Ref. 22. 


number since the average value of Т” can be obtained. For s-wave inelastic 
scattering, (Т) = [(1 + @)/2]T, so the quantity in brackets in Equation 8.45 
is given by [(1 — а)/2] for ай values of T. Appendix 10 contains values for 
the kerma per fluence for elastic scattering of neutrons for some materials. 
Figure 8.14 shows that the mass energy transfer coefficient is determined 
primarily by the elastic scattering process for energies below 5 MeV for an 
oxygen target (25). However, at higher energies and /or for other targets, reac- 
tions such as (фр) and (п,а) become important and cause considerable energy 
deposition. For nitrogen targets the (n,p) reaction is of great significance even 
at very low neutron energies. In all cases the mass energy absorption coefficient 
and the mass energy transfer coefficient are taken to be equal for neutron beams 
since the nuclei involved in the primary interactions radiate such little energy. 


8.6 Problems 


1. Calculate the most probable speed and kinetic energy and the average speed 
and kinetic energy for a Maxwellian distribution of neutrons with tempera- 
ture T° = 293 K. 

2. If neutrons in equilibrium with very cold surroundings have a most probable 
energy of 0.001 eV, what is the absolute temperature of the surroundings? 

3. Calculate the wavelength of a 1-MeV neutron in free space. If a total energy 
of 1 MeV is a constant of the motion and the neutron is in a region of a 
potential well of depth 10 MeV, what is the wavelength? 
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10. 


11. 


12. 


13. 


14. 


. What is the energy of 14-MeV neutrons after scattering from hydrogen 


atoms in paraffin when Өл =45°? 


. Evaluate the fraction of the incident neutron energy remaining after a single 


maximum energy transfer collision. Consider hydrogen, carbon, and lead 
targets. 


. Substitute from Equations 8.3 and Equation 8.14 into кшен 8.7, anc 


with the use of a trigonometric identity, show that T, = T'[44 сов? 0). 
(А + ЭН 


‚ Calculate the mean free path for elastic scattering in water at 1 keV. Use 


the data on Figure 8.13 and assume that the elastic scattering cross sectic 
for oxygen is similar to that shown on Figure 8.4 for aluminum at thi: 
energy. 


. Carry out the integration in Equation 8.32 in detail to give the result indi 


cated. 


. Use the resus of the limit to evaluate Equation 8.32 for a hydrogenous 


scattering material. 

Find the number of collisions (nearest inten necessary to thermalize a 
beam of 1-MeV neutrons with deuterium (D), helium (He), beryllium (Be), 
carbon (C), and uranium (U) as elastic scattering materials. 

Which elastic scattering material will give a smaller value of equilibrium 
neutron fluence at 1 keV, water or. aluminum? Assume that a source with 
emission factor S per unit volume is present in each material. ше data 
from Figures 8.4 and 8.13. 

Integrate the differential cross section per unit angle given in Equdtions 
8.25 over angles between 0 and zr rad and compare the result with Equation 
8.43. 

Integrate the differential cross section per unit/energy given in Equation 
8.28 over the allowed energy values and compare the result with Equation 
8.43. 

Express the energy fraction factor in Equation 8.45 as a function of mass 
number A. Calculate the appropriate conversion factor for a hydrogenous 
scatterer and an aluminum scatterer. 
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9.1 Energy Expressions and Q Relationships 


In this chapter we will be concerned with absorption reactions for neutrons. 
These reactions involve the atomic nucleus since common neutron interactions 
occur through the agency of the nuclear force (1). In an absorption reaction, 
the incident neutron disappears inside the nucleus. Secondary radiations, with 
energies that are influenced by the intermediate excited nuclear configuration, 
are emitted after the absorption process. The secondaries may be photons from 
radiative capture reactions, (п, у). They may be nuclear particles such as protons, 
neutrons, or other ions from particle emission reactions (1b). If the secondary 
particle is another neutron, the reaction is often called inelastic scattering, (п,п”). 
Inelastic scattering can be included as a special case in the particle emission 
formalism since the incident neutron is actually absorbed into the nucleus as 
evidenced by the excited nuclear configuration which results (2). Neutron-in- 
duced fission, (п,/), is discussed as а special case because of the unusual reaction 
characteristics. 

Energy categories for neutrons were listed in Chapter 8. They are useful 
because there is some correlation between energy of the neutron and the most 
probable type of reaction (3, 4). For example, radiative neutron capture reactions 
are the prevalent absorption reactions in most medium- and heavy-mass targets 
for incident neutron energies of less than 0.5 keV, the slow-neutron and interme- | 
diate-energy categories. These reactions will be discussed in Section 9.3. When 
T > 0.5 keV, particle emission reactions (n,b), with emitted protons, neutrons, 
or alphas, often dominate. These reactions are discussed in Section 9.4. Very 
light and very heavy nuclei provide exceptions to these generalizations. In some 
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cases individual nuclear properties and individual threshold values are of overrid- 
ing importance. —— 

We will next develop equations to describe the energies for a neutron- 
induced particle emission reaction, X + n — b + Y, and the results will be 
used in specific situations in later sections. In this notation, X indicates the 
absorbing target nucleus, n the incident neutron, b the emitted particle, and 
Y the product nucleus. Suppose X is initially at rest and that the incident 
neutron momentum and kinetic energy in the laboratory system are indicated 
by p and T, respectively. Momentum and energy conservation expressions are 


p=p,+py, T+ Мас? + Mxc? = T, + Mic? + Гу + Myc?, 
T— (My + My — M, — My)? + Т + T, =—0 + Ty + Ty (9.1) 


The Q value used in Equation 9.1 is defined as the excess in kinetic energy 
liberated for the reation (5), where 


Q=T,+T,-T= Mxc? + Mac? — Mic? — Myc? (9.2) 


Since the Q can be written as a sum and difference of constituent nuclear 
mass energies, reaction equations are often written including О. Since the О 
. value is the net released kinetic energy, two categories are possible: If Q for a 
reaction is positive, the reaction liberates energy (exoergic); such reactions can 
be initiated at any incident energy. If the Q value is negative, input kinetic 
energy is required (endoergic) to balance the increase in mass. In this case 
the neutron kinetic energy must exceed some value before the reaction will 
. occur. | D 
The minimum energy necessary to induce a reaction is usually called the 
threshold. A threshold value Tmin > |Q| exists for neutron-induced reactions 
‘with negative О values. Recall from Section 7.1 that at threshold, components 
of outgoing momentum perpendicular to the incident-particle direction are zero 
since they require extra energy. Furthermore, for minimum energy expended, 
the incident-particle momentum is'shared between the outgoing particles in 
the ratio of their masses. Then at threshold for nonrelativistic neutron-induced 
reactions, 


RS де је екен 
b М + My р, Py Рр, р Д Y? 


My + My 
T= (po)? М MoM __ 
02M, 20Мь + My)? (My + Мү)’ 
уз Oe ____Мурз - 
Y 2My 2(M + My)? 
(Mp + My)? 


When Q < 0 at threshold, 
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Ма 
malt Т, теті тск ae inc тіп» 
Q b Y ny („у Tink 
Mi + М 1 
Tan =O MD о Moa] 
(My + My — Mn) 1— М„/(Мь + My) 
Мас? | 
E- pim и 9.4 
01 Myc? + |О| p 


The relationship (М, + My)e? = (Mn + Mx)c? + |Q| from Equation 9.2 
vas substituted in Equations 9.4 to produce the final result. 
The variables Т, Ту, Ту, 05, and бү can be used to specify a neutron 
absorption reaction. The angles are defined on Figure 9.1. In principle, any 
ne of these quantities can be calculated from two others if the mass values 
are known. The Q equation (not Q value) will be obtained in the following as 
an example of relationships involving angles. In particular we seek a relationship 
including only T, Т), 05, and Q. Since nonrelativistic expressions are normally 
sufficient, momentum conservation components are 


Pa = 2М„Т = У/2 МьТЬ cos дь + /2myTy cos Өү, 
0= ^2 МТ sin 6 — A/2MyTY sin Өү (9.5) 


Rearranging these equations and squaring gives 


МЕТЕ 4 
МТ, sin? 0, = MyT' sin? ду, cos? Өү = 1 — >=” sin? 64, 
MyTy 
Муту cos? 6% = (V Ma T — у МТ. cos 05)’, 
(МИТ — V MoT» cos 6,22 
cos? 0y = (9.6) 
MyTy 
Equating cos? 6’y іп Equations 9.6. means that 
M. ‚ММТ ~V MiTo cos 0b)? of 
1——4Nn60,p—7-———oTm a 
MyTy MyTy 
Then 
муту — MyT sin? б, = М.Т- 2/MnMoTT» cos др + MoT» cos? 0b, 
у 6 Т stl Tb Е 8 MaM TTo cos 0b (9.8) 


My My My 
Substitution of the second of Equations 9.8 into Equation 9.2 yields 
Q=T,+Ty-T | 
| МЕНТІ, cos 0% (9.9) 
My My My 


Equation 9.9 is the usual form for the Q equation. However, a similar 
equation could be written in terms of T, Ty, 0y, and the Q value. The relationship 
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before after 


Figure 9.1 The schematic for the neutron absorption reaction X + n > 
b + Y is shown. The situation before absorption of the neutron and after 
emission of particle b is illustrated. , 


positive Q 
10! | 


Figure 9.2 A plot of the 
emitted particle energy 
Т, versus the incident 
neutron energy T is 
shown for the limits at 0° 
and 180° for the emitted 
particle angle 6’,. 
Exoergic reactions take 
place in the region 
opening to the right 
А : labeled positive Q. 

negative Q Endoergic reactions take 
| place in a horn-shaped 
region emanating from 
the threshold value and | 
marked by negative Q. 
The Q values determine 

1 2 3 4 5 6 · relative positions on the 
NEUTRON ENERGY [MeV] axes. 
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between the kinetic energy of the emitted particle and the neutron energy is 
indicated schematically in Figure 9.2 for angles 0 € б, < т. 
The utility of Equations 9.4 and 9.9 is greatly enhanced because the Q 
value for the ground-state reaction О„ can be obtained from tables of atomic 
asses. As was mentioned in Chapter 8, ground-state masses are given in terms 
of mass excess (or deficit) values in atomic mass units as Am, or in energy 
nits as AE. Then for energies in megaelectron volts, 


Masc?/(1.6)0712 = (A + Am)931.5 = 931.54 + AE (9.10) 


where Mgs is the ground-state mass in kilograms. Substituting Equation 9.10 
into Equation 9.2 gives an expression for Q value in megaelectron volts: 


О, = (Ax + An — Ad — Ay)931.5 + AEx + AEn — АЕ, — AEy, 
= A Ex + МЕ, — A Ep — Aly (9.11) 


Equation 9.11 holds because Ax + An = Ad + Ay. As has been mentioned, 
values for AE can be found in Appendix 5 for atomic masses (6). Since equations 
9.1 through 9.11 involve nuclear masses, the appropriate number of electron 
mass values should be subtracted from the atomic values listed in the tables 
to give accurate Q values. In most circumstances this subtraction is not necessary 
since electron masses on the input side of the equation cancel those on the 
output side. 


9.2. Resonances in Neutron Absorption Cross Sections 


The cross sections for the neutron absorption reactions described in the 
following sections of this chapter have some common characteristics. The most 
striking is the appearance of resonances or cross-section peaks. Figure 9.3 shows 
the neutron cross section or neutron mass attenuation coefficient for cadmium 
as an example (7-9). Note that there are many resonances in the region around 
100 eV and a dominating resonance is superposed on the smooth monotonic 
cross section at about 0.2 eV. We will show that these peaks are related to 
quasi-stable nuclear configurations formed after neutron absorption. | 

The compound nucleus is the intermediate system formed after absorption 
of a nuclear particle by a nucleus. The compound nucleus theory of nuclear 
reactions was first proposed by Bohr (10). In the following we consider neutron- 
induced reactions that occur via compound nucleus formation and exclude direct 
reactions that occur at high energies (1 1). During a compound nucleus reaction: 


1. The absorbed particle and the target nucleus form the compound system, 
and the incident kinetic energy is shared among the system nucleons. 

2. The compound nucleus decays into the final reaction products in a manner 
independent of the mode of formation but statistically dependent on the 
net excitation energy. 


For neutron absorption this two-step reaction sequence can be included 
“in the formalism by adding С, the compound nucleus symbol, in the reaction 
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Figure 9.3 The total neutron mass attenuation coefficient and cross section for cadmium 
is shown (7-9) as a function of incident neutron energy. 


equation X + n > C > b + Y. In this case the reaction cross section Onb is 
a product: са = о‹Рь, where o is the cross section for formation of the 
compound nucleus by neutron absorption and Р, is the probability it decays 
with emission of particle b. ; 

A resonance peak in от, indicates a particularly large value of the neutron 
absorption probability. It occurs when the input energy 15' appropriate for forma- 
tion of an eligible excited state of the compound nucleus. Since the subscript 


C indicates compound nucleus values, 
T + Mac? + Mxc? = Те + Мсс? + Ес 
Ex =T- T, + (Муса + Mxc?— Mc?) = T- T; +SEn 042) 


where E& is the excited-state energy of the compound nucleus and SE, is the 
neutron separation energy from that system. Note that То is small compared 
to T for heavy nuclear targets, since it is primarily a recoil energy. Figure 9.4 
illustrates the relationship between the total excess kinetic energy, AT — pam 
c, the separation energy, and the excited state energy. | 

Individual cross-section resonances for compound nucleus reactions are 
relatively narrow since the compound nucleus is relatively long lived. After 
the incident particle is captured into the compound nucleus, it is assumed to | 
be reflected back and forth several times at the interior nuclear interface. Finally, 
the incident kinetic energy is dissipated in collisions with internal nucleons. 
Because of the reflections at the nuclear surface, the total elapsed time is much 
greater than the time necessary for a single traversal of the nucleus. For such 
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Figure 9.44 The 

excitation energy of the 
compound nucleus, E?, 
is shown to be equal to 
a separation energy plus 
the excess input kinetic 


energy AT. Compound 
nucleus decay into 

| several different 

| configurations is also 

п ground illustrated. Adapted from 
state Ref. 17. 


"T process the uncertainty principle allows a relatively narrow minimum energy 
` spread, AE ~ Й/А!. 

с | The relationship between the energy level diagram and the cross section 

| | is shown on figure 9.5 (7-9, 12) for the nucleus 15N. For each eligible level in: 

TE the compound nucleus *N there corresponds a resonance peak in the cross 
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Figure 9.5 Тһе energy level diagram for 
the excited compound nucleus 15N is 
shown. The cross section for the 
HN + n = 1539 — р + "C reaction is 
also shown (7-9, 12). Resonance energies 


are compared with compound nucleus 
energy levels. 
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section for the reaction !4N(n,p)!5C. Notice that at lower energies the spacing 
of levels is greater than the width of the excited resonances. Consequently. 
the cross section shows niore or less isolated resonances. At. higher energies, 
the resonances overlap and the resulting cross-section curve appears nearly 
smooth, since it is the sum of the individual resonance curves. 

The resonance line shape, often called the Breit-Wigner shape (13), can 
be obtained from the properties of the quasi-stable excited states of the compound 
system (2, 4, 14). The wave function used to represent such a state must have 
a time-dependent part that describes the decay as well as the usual oscillatory 
part. Suppose H is the total energy operator and W(r,t) is the wave function 
with spatial factor ф(т) and time factor /(4). 


Нут, 2) = ih ВАСИ 


дї 
фт) = $0, 
ft) = VA exp(—iEjt/f)expC—t/2) (9.13) 


In this case E; is the energy for a state designated by index j, and А is the 
decay constant for that excited configuration. 

The wave function in Equations 9.13 is appropriate for a nuclear state 
subject to decay. Recall that the probability of finding a system at a spatial 
position between r and r + dr at time between t and г + dt is proportional 
to the square of the absolute value of the normalized wave function (15, 16): 


- yr, DI? дуа = (ФО) А exp(-A0dVdt = |b|? AVTA exp(—At)dt] (9.14) 


where dV = dxdydz is the volume element. If (r,t) is normalized, |(r)|? 
must yield a value of one when integrated over all space, and (0)? must 
yield a value of one when integrated over time: 


J (а: = | A exp(—At)dt = 1 (9.15) 
0 о 


We assume that the state was formed when t = 0. 

Suppose that the nuclear system can be described as a harmonic oscillator 
with angular frequency о and quantized energy йо (17). We ignore spin in 
this simple case. The Fourier transform operations outlined in Chapter 3 are 
‘useful. If we define f(t) and g(w) as a Fourier transform pair and let E; = 
hw; for all states j, 


f) =0,t< 0; 1 | 
= ИХ exp - Q2 + Б) Д = VA expI- Q2 + о), 126 


g(w)= 227; ЈЕ f(t) exp(iwt)dt 


= УА/2т | 5 ер -1%/2 (а otha ; (9.16) 
0 
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Che integration in Equations 9.16 is straightforward: 


(w) = А RR, (9.17) 
С E e e) | 


The squares of the absolute values of the transform functions yield equal 
results when integrated over the appropriate space (18): 


f. Која - | |g(w)|?dw =| PCE* TE} )dE* = | (9.18) 


P(E*,E*) ДЕ“ is called the resonance excitation function and represents the 
probability of finding the system with excitation energy between ЕК and £7 + 
dE* when an energy level exists at E¥. A suitable form for this probability is 


ЛА hdo 
2 = — — 
EC а Б T(E*- Et xl 
1 ГаЕ* | 
== |a NESE UE” |049 
2m lcm БИЛА 


The level width, Г = АА, and excitation energy, E* = ho, were utilized in 
Equation 9.19 to produce the customary form for the Breit-Wigner resonance 
line shape. Figure 9.6 is a plot of Equation 9.19 as a functin of E*. As seen 
on this figure, Г is the full width at half maximum of the resonance line. 

The Breit-Wigner resonance line shape can be incorporated into an expres- 
sion for ос, the cross section for formation of the compound nucleus. We 
start with the developments in Section 8.5. From Equation 8.39 the neutron 
cross section is given by 


ОА? | 
oA) = in > || — ту (211), m= № expQiói) (9.20) 


Figure 9.6 The Breit-Wigner resonance line shape is shown (13). The level 
width Г is the full width at half maximum. | 
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The variable A in the equation is the incident neutron wavelength in the center 
of mass system. The index l is for the partial waves, and 1; is the neutron 
wave perturbation factor given in terms of the wave amplitude factor М and 
the phase shift б). 

i Suppose the target nucleus were to absorb neutrons with maximum effi- 
ciency. For this special case М = 0, so т = 0: 


h? Agila]? . 
s) xl A | > (21-1) (9.21) 
The first equation is given in terms of center of mass system variables, the 
second is given in terms of laboratory system variables as indicated in Equation 
8.41. T | 

In many cases Equations 9.21 are inadequate. Usually only part of the 
incident neutron wave is transmitted through the nuclear surface while part is 
reflected at that interface. Furthermore, the effect of energy levels in the com- 
pound nucleus and the resulting resonances must be considered. With appropriate 
modification, the compound nucleus formation cross section for the laboratory 
` System can be written as | 


h? = 
ӛтМАТ| A 


oo(T) = Їх орлар perep | 628 


In this case Тт is the transmission of the neutrons at the nuclear interface, | 
and D, the average spacing between levels, is the weighting factor that ensures 
that the average value obtained from many resonances is correct. It is necessary 
when many resonances are interspersed over a substantial energy range (4). 
Equation 9.22 will be used in subsequent sections. Generally, the functional 
form is written utilizing E*, the excitation energy of the compound nucleus 
system. However, if Ту is the incident kinetic energy that produces excitation 
E*, then for specific reaction conditions, E* — Ef = T — T; Thus, any 
cross-section resonance can be displayed as a function of the kinetic energy of 
the incident neutron. i 


9.3 Radiative Capture Reactions 


Radiative neutron capture is the absorption of a neutron followed by the emission 
of one or more gamma rays. Figure 9.7 is an illustration of a radiative capture 
reaction. The reaction is often indicated by (л, y), which is shorthand for the 
вебепсе X + n > Y* > Y= y The secondary gamma rays have energies 
characteristic of the levels of the product nucleus Y since they are emitted 
from Y*, the excited compound nucleus. Notice that no nuclear particles are 
emitted in a radiative capture reaction, only photons. Neutron-induced reactions 
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Figure 97 A schematic diagram for a radiative neutron capture reaction 
is illustrated. 


can occur in which nuclear particles are emitted as well as gamma rays. They 
are classified as particle emission reactions and are discussed in the next section. 

Radiative neutron capture reactions occur for most stable nuclear targets 
at low incident energies (19). Radiative capture is usually the dominant absorp- 
tion reaction for slow neutrons and intermediate-energy neutrons incident on 
intermediate and heavy nuclear targets (4). In some special cases, neutron-in- 
duced fission dominates near the thermal energy. The most probable absorption 
reaction is not so easy to predict for light nuclear targets, since particle emission 
reactions with positive Q values may be competitive. 

In general, radiative capture is an inelastic process and is exoergic. Momen- 
tum and energy expressions for the two-step reaction can be written 


| p= Bye ру, =Py CP» 
T + М.с Мус? = Ту, + Myc? + Еў = Ту + Myc? + hv, 
‚+ Et = (Mn + Mx — My) + Т = SEn + Т, 
Zhv=SEn + Т— Тү (9.23) 


where subscript Y* indicates the excited compound nucleus, and Ef is the 
excitation energy of the compound system prior to emission of gamma rays. 
The separation energy SEn for the neutron in the compound nucleus is between 
7 and 9 MeV for most nuclei (17). Since the nuclear kinetic energy is usually 
small, even thermal neutrons can induce reactions which proceed via highly 
excited nuclear states. When highly excited states are involved, de-excitation 
proceeds via a cascade of capture gamma rays. If T is small, the total gamma- 
ray energy >Лу approaches the value of the separation energy. The angular 
distribution of the emitted gamma rays is isotropic in the center of mass system 
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Figure 9.8 Neutron 
cross sections are 
compared for iridium, 
cobalt, and sodium in the 
slow- and intermediate- 
energy regions (7-9). 
1071 101 103 10? Note the 1/v dependence 
NEUTRON ENERGY [eV] near thermal energies. 
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as long as the mode of decay of the compound nucleus is independent of the 
mode of formation. | 

The cross section for radiative capture of neutrons can be discussed conven- 
iently using Equation 9.22. Figure 9.8 shows that a cross-section resonance 
often occurs somewhere in the low-energy region. The resonance can be super- 
posed on a region of smooth energy dependence. | 

From Equation 9.22 it is apparent that the smooth. dependence at low 
energies must be obtained from the factors multiplying the resonance excitation 
function. Thus, | 


h S xi 2 
oc(T) “ам [== | пп БРЕ“ Ез) = dun D P(E*,E}) 
h? [А+1]? 
SUE = alt A | d 


for s-wave absorption. The transmission, of neutrons, Тт, at the nuclear poten- 
tial interface must be evaluated before о;у can be obtained. 

Refer to Figure 9.9 (4,17,19) to obtain an expression for Tm. Suppose 
that the nuclear potential for s-wave incident neutrons has the form shown, 
with depth Vo and interface at x = 0. Notice that no barrier is included for 
this simple case since s-wave neutrons have no angular momentum or charge. 
Nevertheless, some of the incoming wave will be reflected at the nuclear surface. 
We consider the one-dimensional problem for simplicity, although radial waves 
would be more realistic (4). y 

In region J, outside of the influence of the nuclear potential, an incident 
traveling wave and a reflected traveling wave can be represented by 


Viet) = А expli(kx — ot)] + B exp[—i(kx + wt)], 
2m Pre м2М\Т (9.25) 
h 
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Figure 9.9 The change 
in potential at the 
interface between region 
I and region 11 causes 
partial reflection of an 
V(x) incident wave. 
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where factors A and B are the. amplitudes of the incident wave, traveling in 
the +x direction, and the reflected wave traveling in the —x direction, respec- 
tively. The wave number k is related to the free-space neutron kinetic energy 
T, 

In region IJ only the wave representing transmitted neutrons exists: 


их) = С exp[i(Kx — wt), 


2T pilot IMEEM UN V) wv2M«( + Vo) (9.26) 
An h h ћ 


E is the sum of the kinetic and potential energy and is unchanged in regions 
I and ПС is the amplitude of the wave traveling in the +x direction. The 
wave number K can.be much increased over the free-space value, since the 
magnitude of Vo is usually several tens of megaelectron volts for the attractive 


nuclear force. ЕЕ 
If this wave is to represent a physical situation, it must be continuous at 


x = 0. Then 
(0,4) = bu (0,1), А+В= С, 
аш| _ «уп 
dx lot dx 
The transmission at the interface is the ratio of the incident fluence rate 


divided by the transmitted fluence rate. It is proportional to the ratio of the 
absolute value of the square of the amplitudes, |C|?/|4|?. We obtain C/A by 


substituting from Equations 9.27: 


КА — ikB = КС (9.27) 


ог 


2k 
B=C—A, kA—k(C—A)=KC 2kA = (К + К)С, C/A= р 


_ K|CP X 4kK (9.28) 


Тт = fee 
"а (К+Е? 
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K/k was included in the equation for the transmission since the fluence rate 
ratio must include a factor involving the ratio of particle speeds. 

Substituting the results of Equations 9.28 for s-wave neutron transmission 
into the last of Equations 9.24 gives ы 


h? |] h? [=] kK 
===э| уй == 


біз МТ | A ам, | A | T(K- ky 
h2 М + 3r k А2 le "T | J2M,T 
oin == | | === AT |. улл = KKK, 
м9 2опМ,(У 2 | A Тї? о | 


Equation 9.29 is an expression of the 1/v law for s-wave neutron absorption, 
since Т“1/2 is proportional to 9-1. The dependence 15 valid in the low-energy 
limit k « K and T < Vo for our development. 

The 1/v law for neutron absorption was discussed in 1935 by Fermi and 
co-workers (20). It is generaily applicable for the smooth dependence for radiative 
- capture reactions for slow neutrons. The 1/v dependence is also apparent for 
particle emission reactions with positive Q values. Of course, the resonance 
excitation function tends to dominate the energy dependence of the cross section 
near a resonance peak. 

Table 9.1 shows some radiative capture thermal neutron cross-section, 
values and energies of principal gamma rays for interesting materials (21, 22). 
The data in this table illustrate the large variations in thermal capture cross 
sections for neighboring nuclear absorbers. Figure 9.8 indicates that part of 
this variation can be traced to resonances occurring in the cross section for 
formation of the compound nucleus. Notice that large thermal neutron cross 
sections often occur when the resonance energy is close to T = 0.025 eV (19). 
For iridium the resonance occurs at 0.9 eV; for cobalt the closest resonance 
peak is at about 100 eV. | 


Table 9.1 Radiative Capture Reactions 


Reaction Thermal Cross Highest Energy Average Number 
Хау) . Section Gamma Ray (MeV) of Gamma Rays 
iH у 0.33 2231 1.0 
uNa 0.53 641 2.0 
26ге С, 2.53 10.16 1.7 
27CO 37.0 7.49 | 
asRh 156 6.79 
4sCd 2450 | 9.05 44 471 
agin 196 6.38 3.3 
629m 5600 7.89 5.6 
«Са 46000 7.78 3.9 
AU 98.8 . 6.49 ‘ 3.5 


в2РЬ 0.17 . 7.38 
Data from Refs. 21 and 22. 
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. The wide distribution in thermal neutron cross sections is related to the 
fluctuating positions of levels at about 7-9 MeV excitation energy in the com- 
pound nucleus for different nuclides. At these energies the level spacing is about 
30-50 eV on the average (4, 19). The thermal cross section a will be very 
large if by chance a compound nucleus level occurs at an energy that produces 
a resonance with incoming neutron energy just above 0.025 eV. The resonance 
excitation function P(E*,Ef) is a fast function of the energy difference E* — 
ЕР. Because of this, Otn will drop off rapidly as |E* — Еј | increases. 

The use of absorbers with large thermal capture cross sections will be 
discussed further in the next chapter. Since thermal neutrons are an important 
component of background spectra, radiative capture reactions are very important 
when materials are selected for shielding against a neutron background. These 
reactions often produce the terminal event in a neutron degradation sequence. 
The nuclide !13Cd is especially useful for this purpose because of its large cross 
section (otn = 20,000 b). The high-energy gamma-ray secondaries must always 
be considered in shielding situations. 


9.4 Particle Emission Reactions 


A particle emission reaction is the emission of a nucleon or combination of 
nucleons after absorption of an incident neutron. Figure 9.1 can be used to 
illustrate this reaction. For compound nucleus reactions, the sequence XU. 
C > b + Y with abbreviated notation (mb) is appropriate. The outgoing particle 
indicated by b might be a proton, another neutron, a deuteron, or an alpha 
particle shown as (тр), (п,п”), (n,d), and (n,a), respectively. Other reactions, 
including the emission of several nucleons, are (п, 2n), (т, 2р), and (n,np). 

After emission of the secondary particle or particles, the residual nucleus 
may be left in an excited state. In this case, emission of gamma rays can follow, 
either singly or in cascade. One group of reactions that always includes gamma- 
ray emission is called inelastic scattering, (п,п”). In spite of the name, inelastic 
scattering reactions are included in the group of particle emission reactions 
because the emitted neutron can be considered to be a secondary particle (2). 

The (zb) reactions are important in the fast-neutron region and usually 
dominate in the high-energy region with T > 10 MeV. Some particle emission 
reactions may dominate in the slow- and intermediate-energy region if they 
are exoergic, i.e. Q > 0. This situation occurs mainly for light targets. Exoergic 
particle emission reactions with cross sections that are inversely proportional 
to the incident neutron speed (1/2 dependence) in the slow-neutron region 
compete’ favorably with the (п, у) reactions in some cases. Several important 
exoergic neutron-particle reactions are listed in Table 9.2. | 

The !4N(np)'^C reaction cited in the table is a means of production of 
naturally occurring “С, which сап be ingested into living systems. It occurs 
in the atmosphere and is induced by neutrons of cosmic origin. Radiocarbon 
dating techniques utilize 14C originally produced in this manner. The В (а, a)'Li 
and the 9Li(z, &)?H reactions are the basis of neutron detecting and dosimetry 
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Table 9.2 Exoergic Neutron-Particle Reactions 


а 


Thermal Cro. 


Reaction Q (MeV) Section (b) 
Тн LS ee ы о... кы 
ЗНе(пр)ун | 0.77 5330 
6Li(n,a)°H 4.64 940 
10B(n, ay Li 2.78 3840 
MN(n, p)4C | 0.63 1.8 
335(п,р)З%Р 0.75 0.002 
35Cl(n,p)5S 0.62 0.5 


А 


Data from Refs. 6 and 21. 


systems. The boron is used in boron trifluoride (BF3) gaseous detector tubes, 
the lithium in neutron scintillation detectors made with lithium iodide-europium 
[Lil(Eu)] crystals or in lithium fluoride (LiF) thermoluminescent dosimeters. 
Since the (n,a) reaction cross section of 19В is so large at thermal energies, 
boron-loaded plastics are used for neutron shielding (21). 

| Generally, particle emission reactions аге characterized by negative О 
values. Equations 9.4 show that the threshold for an endoergic (n,b) reaction 
is given by 


“же ы | =i0 [12| 10 S| e» 


Mxc? + |Ql Mxc? Á 


The approximations utilized in Equation 9.30 are based on the assumptions 
that |О| << Mxc? and M,/Mx = 1/4. Notice that the value of |Q], which is 
the major factor in the threshold energy, is determined by nuclear binding 
forces. The correction, M,c?/M,? is included because of momentum conservation 
considerations. Table 9.3 shows threshold values for several important neutron- 
particle reactions with negative Q values. 

The threshold energies for inelastic scattering reactions (n,n') vary widely 
from target to target. They depend on the energy of the first excited state of 
the product nucleus. From Equations 9.1 and 9.30 with n = b and X= Y, 


Table 9.3 Endoergic Neutron-Particle Reactions 


Cross Section 
: Reaction Q (MeV) Threshold (MeV) 14 MeV (b) 
ПАРИ as на _ J = 41 Lan. s dam ш сәсен іе ње ve 


12C(n, а)?Ве БЫ 6.2 
16Q(n,p)'®N —9.6 10.2 
10(n,d)!5N 29.9 | 10.5 0.04 
160(n, a) 3C 22 QU 
32S( n, p)?P 0.23 
54Fe(n, p) *Mn | 0.35 
56Ке(п,р)55Мп 0.11 


Е-е л а-ы... датты ë — EET NI mE UE 


Data from Refs. 6-9 and 21. 
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Q = T, T, — T= Мус? + Mac? — Myc? — (Мұс? 
= Myc? — (My)c? = —E*, . 


“Ме? Мас? Atl 
Та = ОБЕ и = EM 9.31 
iei wae | „= :| A | “7 


where Мұ» stands for the mass of the excited compound nucleus. Table 9.4 
shows the energy of the first excited state and the threshold energy for some 
common target nuclides for inelastic scattering. They extend over an energy 
range in excess of 5 MeV. 

The cross section for a particle emission reaction is often written with 
the use of the resonance excitation function (Equations 9.19 and 9.22): 


c (T) = oc(T) Po = 


h CERE pire _) 
zen A | 2 e 538. кетте б) pj 9 


where oc¢(T) is the cross section for formation of the compound nucleus, 
and P, is the probability for emission of particle b from the excited system. 
We will develop expressions to replace Ру, Tm, and D in the following para- 
graphs. 

There are usually several possible modes of decay (emission of different 
particles) from each highly excited compound nucleus state. If particle b is 
emitted, | 


Ay = AT, P= (9.33) 


Sie Желіге» Г 
| i i 

The relationship between level width Г and the decay probability А was also 
used in Equation 9.19. In Equations 9.33, Г; is the partial width for emission 
of particle i and A; is the partial decay probability for emission of particle i. 


Table 9.4 Energy of First Excited States 


First Excited- Inelastic Scattering 

Nucleus State Energy (MeV) i Threshold (MeV) 

2а 22222.2.-------:-----:----:: 
SLi 2.19 2.56 
В 0.72 0.79 
xe 4.43 4.80 
MN | 2.31 | 2.48 
60. 6.06 6.44 
ЗАТО 0.84 0.87 
“Fe 1.4... 1.44 
Бе | 0.84 0.86 
S5 1.12 1.14 
208pp 2.61 2.62 
235) 0.01 0.01 


Data from Refs. 2 and 12. ў 
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The transmission Tm can be eliminated from Equation 9.32 using the 
decay probability for neutron emission. The assumption is that the barrier trans- 
mission is independent of the direction of incidence (19). A neutron in the | 
nucleus usually has substantial kinetic energy, so it will cross the nuclear diameter · 
many times during the lifetime of a compound nucleus. Then 

P. Га 
Mime a iti, IMS (9.34) 
кән ОЛЫ fa Afa 
In this case fp is the striking frequency of the neutron on the nuclear surface. 

Suppose that the nuclear energy level sequence can be approximated by 

a harmonic oscillator energy level spacing (4). Then 


ET = Eo t jD (9.35) 


where Eo is the ground-state energy, j is the level index, and D is the average 
level spacing. The wave function for the compound nucleus can be expanded 
in a linear combination of wave functions for configurations indicated by j. In 
this case, decay of the levels can be ignored since time intervals that are small 
‘compared to the lifetime of the compound nucleus are considered: 


r,t) = > ayy; = > aj b(r)exp(—iE} t/h) 
| = exp(—iEot/h) D aj(r)exp[—i(jDt/h)} (9.36) 


Under these circumstances, |ф(т,)|? --|Ч(ғ,/ + 27h/D)|? since the wave func- 
tions in the summation differ by only a phase factor, exp[—i( j2z)], when t is 
advanced by 2arh/D. This means that if a particle appears at the nuclear surface 
at time / and is reflected, on the average it will reappear again in a time interval 
2тћ/р. Thus, the system has a period of 27#/р and а frequency of р/2тћ. 
In this case the transmission can be written 
/ Тт = Га 21% (9.37) 
hfn D 
When a resonance occurs at excitation energy Еў, Equations 9.32, 9.33, 
and 9.37 give 


! 


Onv(T) = 


h?. ГА--112 Тт РГРЬ ` 
== | А [Б > 01%) таи cdi 


= MT 5-І Peer ul Бата FOE г Er 


h? [A+1P Pale 
es aT mem 9.38 
eme A | > 01 +) рр к=! р 


The last of Equations 9.38 is the cross section expression for emission of 
particle b after absorption of a neutron of energy T in the laboratory system. 
The effect of nuclear spin has been ignored in this relationship, but multiplicative 
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Figure 9.10 : The cross section for the reaction 4N(n,a)!!B is shown as а 
function of incident neutron kinetic energy. Adapted from Ref. 23. 


spin factors can be included easily (4, 19). The particular decay mode is indicated 
by the partial width Гь. For example, the cross section for neutron radiative 
capture can be described using Гу. The resonance scattering cross section includes 
Га, and the cross section for proton emission includes Гу. Thus, Equation 
9.38 is quite general and can be applied to resonance processes discussed previ- 
ously. It includes the effects of all angular momentum components, but s-wave 
or p-wave expressions can be obtained from the sum (4, 19), using the term 
with / = 0 or 1 = 1, respectively. | 
· Figure 9.10 is given (23) as an example of resonances іп a cross section 
for neutron-particle reactions. Note that the “Мп, a)!!B reaction shown has 
resonance peaks that are’ well. separated and resolved at lower energies. At 
higher energies the individual peaks start to overlap and merge together. Listings 
of many particle emission reaction cross sections have been published (21-25). 
The partial level width values in Equations 9.38 must include a barrier 
penetration factor to describe particle emission completely. Figure 9. 11 indicates 
that a charged nuclear particle encounters a coulomb barrier before escaping 
from a compound nucleus. In addition, any nuclear particle with angular momen- 
tum quantum number / > 0 encounters a centrifugal barrier, also illustrated 
on the figure. Thus, only s-wave neutron emission can be described without 
reference to a barrier. Figure 9.12 shows the barrier transmission values for 
protons and neutrons with / = 0 and / = 1. Note that neutron re-emission is 
greatly favored at low energies for high Z targets. 


9.5 Neutron-Induced Fission 


Several names are given to reactions that result in the breaking up of a heavy - 
nucleus, and the names relate to the size of the nuclear pieces (19). A fragmenta- 
tion reaction results in a group of lightweight nuclear fragments.. A spallation 
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Figure 911 The 
situations that can occur 
for particle emission from 
a compound nucleus 
include: a) neutron 
emission for s wave, no 
barrier; b) neutron 
emission for angular 
momentum quantum 
number / > 0, centrifugal 
barrier; c) charged 
particle emission for | 
wave, coulomb barrier. A 
combination of barriers 
shown in b and c would 
occur for [> 0 emission 
of charged particles. V is 
the nuclear potential 
energy shown as a 
function of the radial 
coordinate r; R is the 
nuclear radius. 


reaction results in one relatively heavy fragment and several much lighter weight 
products. Fission is the splitting of the nucleus into two fragments of roughly 
equal mass. Neutron-induced fission occurs frequently in only a few heavy nuclei, 
but it is significant because of the large amount of energy released in the process. 
Spontaneous fission, as a nuclear: decay mode, occurs frequently in the 
artificially produced nuclides with Z > 92. High nuclear charge is necessary 
since the coulomb repulsive force between the nuclear protons provides impetus 
for the process. Neutron-induced fission, (n,f), is possible in many heavy nu- 
clides. Fission is the dominant thermal neutron absorption process in 235U and 
239Pu. The (n,f) cross sections are several hundreds of barns in these nuclides 
at thermal energies. Figure 9.13 shows the cross section for 2350 neutron-induced 
fission (7-9). d 
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Figure 9.12 The 
transmission of the 
barrier for proton (top) 
and neutron (bottom) 
emission from a nucleus 
of radius (5) 107!5 m and 
2 4 6 Z = 20 is shown. 
NEUTRON ENERGY (MeV) ^ Adapted from Ref. 4. 


TRANSMISSION 


Q values are exceptionally large for fission of the very heavy nuclides. 
Figure 9.14 shows the binding energy per nucleon in the nucleus for stable 
nuclides (19). Notice that nucleons in heavy nuclei (A > 50) are less tightly 
bound than those in nuclei with A ~ 50. Suppose a compound nucleus with 
mass number 235 + 1 = 236 were to split into two equal mass fragments. 
From this figure the binding energy difference in this situation can be estimated 
as 1 MeV per nucleon; this corresponds to about 236 MeV released. Table 
9.5 shows some data for the products of thermal neutron fission of 2350. In 
fact, the total energy released is 195 MeV per reaction. 

The Bohr and Wheeler liquid drop model for fission was published in 
1939 (26). This model can be understood with reference to Figure 9.15. Prior 
to absorption of the neutron, the nucleus is assumed to be nearly spherical. 
Because of the excitation caused by absorption of the neutron, the compound 
nucleus becomes ellipsoidal and begins to oscillate along the axis of elongation. 
When the oscillation amplitude is large, a neck forms between the two end 
masses. When the coulomb repulsive force is sufficient, the masses are pushed 
completely apart. Prompt neutrons, which often come from the neck, are emitted 
immediately as each fragment reforms. Prompt gamma rays are emitted from 
the separated fragments, about (3)107!4 s after neutron absorption. The fragments 
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Figure 9.13 The fission cross section Ons is shown as a function of energy 
for 2350 (7-9). у | 
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Figure 9.14 The binding energy per nucleon is shown as a function of 
mass number A (6, 19). Fluctuating individual values have been smoothed 
to obtain the curve shown. 
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Table 9.5 Energy Release in 2351) Thermal Neutron Fission 


Energy release MeV 
1. Fragment kinetic 162 
2. Neutron kinetic 5 
3. Prompt gamma ray 7 
4. Fragment decay 

beta particle 5 

gamma ray 5 
5. Neutrino 11 

Total 195 


Data from Ref. 17. 
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Figure 9.15 The different shapes of the 
compound nucleus during the fission 
с process аге shown. 
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are themselves usually neutron rich and so will decay by either delayed neutron 
emission or 87 decay, (19). | 

. The fission barrier can be discussed with reference to Figure 9.16. Consider 
three situations that might exist if two nuclear fragments were brought together 
from afar. At large distances the coulomb repulsive force would surely dominate, 
and it would increase if the separation was decreased. If the surfaces of the 
fragments came into contact, the attractive nuclear force would tend to draw 
them together and they would coalesce. 

For case (a) on the figure, the attractive nuclear forces are so much stronger 
than the repulsive coulomb force that a maximum in the potential energy curve 
is produced near the point of contact. The potential energy decreases as the 
fragments coalesce. This produces a potential barrier of substantial height. Inter- 
mediate case (b) on the figure applies when the nuclear charge is very large 
and the repulsive energy of the merging fragments almost balances the nuclear 
binding force; there is still a fission barrier but reseparation is possible with 

slight excitation. This situation is appropriate for some fissionable heavy nuclei 
such as 235). For case (c), the coulomb repulsion is so large that there is no 
net binding force, and certainly no barrier. A nucleus in this category is not 
. stable and will fission immediately. “. 

As an example, consider the coulomb repulsive energy for equal mass 
fragments (symmetric fission), each with atomic number Z/2 and mass number 
A/2. The potential energy at contact, Ec, is given by | 


4? = (Z/2ye* X 7222 


(9.39) | 
3 | 


© red J4me(2R). 32mesR 


where а = +Ze/2 is the fragment nuclear charge and d = 2R is the separation 
distance when the fragments with radius R touch. For; spherical fragments 
R = R,(A/2)*/3. Thus, 


Figure 9.16 The fission 
barrier is illustrated for 
(a) low or medium Z 
nuclide; (b) high Z 
nuclide fissionable after 
absorption of a thermal 
neutron; and (c) high Z 
nuclide which fissions 
instantaneously. V is the 
potential energy, R the 
radial separation between 
` fragment centers, and Ёс , 
the coulomb repulsive 
energy at contact. 
Adapted from Ref. 17. 
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Z?e? 21/392 72 
ЖЕТЕН Е 5 x | | (9.40) 
З2пе К (А /2)/3 32e Ro | А! 


Although Equation 9.40 is strictly appropriate only for the special case of sym- 
netric fission, the factor 22/4 13 is an important parameter in any case. Large 
ев of 22/413 indicate a high probability of fission. 
About 2.5 neutrons are emitted (19) per fission process. The spectrum 
f these liberated neutrons is shown on Figure 9.17; fast neutrons clearly domi- 
ме (27). 
The yield for the nuclear fragments from neutron-induced fission of ?35U 
s shown on Figure 9.18. Notice the double hump with centroids at A = 95 
and A = 135. The distribution in atomic number for the fission fragments 
has a low-mass hump centered around Z — 38.5 and a high-mass hump centered 
around Z = 54.5 (7-9). The asymmetry thereby represented is related to the 
fact that fission fragments with a magic number core of 50 protons are particu- 
iarly stable. Since symmetric fission would require two fragments, each with 
— 50, it is not favored. 


9.5 Attenuation Coefficients for Neutron Absorption 
Reactions 


The neutron absorption reactions discussed in previous sections include radiative 
capture, пу; particle emission reactions, nb; and neutron-induced fission, nf. 


10-4 


RELATIVE FLUENCE 


Figure 9.17 A typical 
energy distribution of 
4 8 12 16 fission neutrons is shown 


ENERGY [MeV] | (27). 
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Тһе symbols given will be used as subscripts to specify particular coefficients 
as they are presented in the succeeding paragraphs. 

The mass attenuation coefficient for a neutron absorption process, 
(и/рја, can be related to the reaction cross section by | 


(и/рја = пъ Са = (М//Мпјба — | (9.41) 


where nm is the number of targets per unit mass, N, is Avogadro's number, 
and Mm is the mass per mole. | 

- Figure 9.19 is a schematic illustration of the neutron mass attenuation 
coefficients for a medium weight nuclear target. Notice that usually radiative 
capture (subscript пу) and elastic scattering (subscript es) are important at 
lowest energies. Elastic scattering often dominates at somewhat higher energies 
until the cumulative contribution of the particle emission reactions takes over. 
More precise regions of dominance for neutron reactions are difficult to define. 
The occurrence of resonances, which is highly variable from nuclide to nuclide, 
is a major factor. Thus, Figure 9.19 is intended to be representative but may 
not apply in all particular cases (light targets especially). d 

- Values of the kerma per fluence for neutrons have been reported in several 
places (24, 28—30). The appropriate mass energy transfer coefficients can be 

obtained from the kerma per fluence by dividing by the incident kinetic energy. 

In the following discussion, we assume that the product nucleus is ionized by 
shake-off of valence electrons (31, 32) because of the nuclear recoil. 
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| Ho) Figure 9.19 An 


illustration of the . 
relationship between 
neutron attenuation 
coefficients for a typical 
medium mass nucleus is 
shown. Notice that the 
curve for the total 
coefficient is the sum of 
the other curves. 
Adapted from Ref. 11. 


For radiative capture reactions, the mass energy transfer coefficient can 
be written as 


| (i p)ny = (u/p)a4[(TV)/ T] (9.42) 


In this case, the average charged-particle kinetic energy liberated, (Тү), can 
be related to T' through Equations 9.23. Momentum conservation insures that 
(Г/Т) will be small when heavy nuclear targets are involved. Since the liberated 
gamma-ray energies are not included in the mass energy transfer coefficients, 
they will not directly contribute to the neutron kerma per fluence. They will 
contribute to the total kerma and dose in an extended medium, however. 

For charged-particle emission reactions with liberated kinetic energy 
Te 22. | 


(руль = (ир) КТ, + ТУТ] = (рь O/T] 943) 


When Q is positive, this equation indicates that the transfer coefficient is greater 
than u/p,'an anomalous situation. In most cases О is negative, so the factor 
multiplying the mass attenuation coefficient is less than one. Figure 8.14 shows 
the relative contributions of particle emission reactions to |шг/р for an oxygen 
target (27). Note that particle emission reactions do not contribute substantially 
to the charged-particle energy released until T = 4 MeV. In nitrogen-containing 
substances, particle emission reactions contribute to the kerma even at thermal 
energies because the (n,p) reaction is exoergic. 
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9.7 Problems 


1. Calculate the О values and threshold energies for the :%О(п, a)'?C and 
16Q(n,p)!®N reactions. Use the mass tables in the appendixes. 

2. Use the Q equation to calculate the maximum energy of the protons emitted 
after 100-keV neutrons are absorbed in !*N. | 

3. Consider the case of a 1-MeV neutron incident on a nucleus of mass number 
A = 100. Using R = RoA1/3 = (1.1)107154!/? m; calculate the time required 
for a single traversal of the nuclear diameter by the neutron. Assume a 
square well nuclear potential with depth of 10 MeV. Compare this time 
with an estimate of the compound nucleus lifetime from the uncertainty 
principle for a resonance with level width AE = 0.1 eV. 

4. Use the wave function of Equations 9.13 and substitute it into the time 


dependent Schrödinger equation, Hy = їй z Show that the time differentia- 


tion indicated results in an energy expression with real part En, which is 
measurable, and an imaginary part related to the decay constant. 

5. Integrate the resonance excitation function of Equation 9.19 over the variable 
E* from zero to infinity. Show that it is normalized. In addition, show 
that the level width Г is in fact the full width at half maximum of the 
resonance line. 2 | 

6. What thickness of cadmium is necessary to remove 99.9% of a beam of 
thermal neutrons? Assume negligible scatter. . | 

7. Use the resonance excitation function of Equation 9.19 to calculate the 
absorption probability at energy E* = 0.025 eV due to a resonance peak 
i Др == 20 eV. In addition, calculate the same probability for а resonance 
peaking at 0.025 eV. Assume the resonance width is about 0.1 eV in both 
cases. Compare the values. i 

8. Show that the resonance level width in the laboratory system, Tap, is larger 
than the level width in the center of mass system, Fem, by 


Гь = Гоа | 
9. What thickness of 198 will remove 95% of a beam of 100-eV neutrons? 

10. If the cross section for capture of thermal neutrons is 760 b for naturally 
occurring boron, what is the cross section for ug? | 

11. Calculate the fission barrier height E. — О for symmetric neutron-induced 
fission of 2351), | 

12. What is the relative probability of production of 1311 with respect to produc- 
tion of 137Cs in thermal neutron fission of 23517? Use the double-hump curve 
on Figure 9.18. What is the relative probability of production of ?*Mo with 
respect to production of 137С$? 


9.8 References 


1. H. Frauenfelder and E. M. Henley, Subatomic Physics (Prentice-Hall, Englewood 
Cliffs, NJ, 1974). 


| 


Neutron Absorption Reactions 221 


. A. M. Weinberg and E. P. Wigner, The Physical Theory of Neutron Chain Reactors 


(University of Chicago, Chicago, 1958). 


-] с^ tA 


W. J. Hornyak, T. Lauritsen, P. Morrison, and W. A. posie Rev. Mod. Phys. 
2%, 291 (1950). 

. M. Blatt and V. J. Weisskopf, Theoretical Nuclear Physics (John Wiley, New 
d 1952). 
R. D. Evans, The Atomic Nucleus (McGraw-Hill, New York, 1955), pp. 441-469. 


. L. Mattauch, J. Thiele and A. Wapstra, Nucl. Phys. 67, 1 (1965). 


D. J. Hughes and R. B. Schwartz, Neutron Cross Sections, Report BNL 325, 2nd 
ed. (Brookhaven National Laboratory, Upton, NY, 1938). 

D. J. Hughes, B. A. Magurno, and M. K. Brussel, Neutron Cross Sections, Report 
BNL 325, 2nd ed., Suppl. 1. (Brookhaven National Laboratory, Upton, NY, 1960). 


. J. R. Stehn, M. D. Goldberg, B. A. Magurno, and R. Wiener Chasman, Neutron 


Cross Sections, Report BNL 325, 2nd ed., Suppl. 2. (Brookhaven National Laboratory, 
Upton, NY, 1964). 


. N. Bohr, Nature 137, 344 (1936). 
11. W. E. Meyerhof, Elements of Nuclear Physics (McGraw-Hill, New York, 1967), 


pp. 172-73. 


. F. Ajzerberg and T. Lauritsen, Rev. Mod. Phys. 24, 321 (1952). 

. G. Breit and E. P. Wigner, Phys. Rev. 49, 519 (1936). 

. E. Segre, Nuclei and Particles (W. A. Benjamin, New York, 1965). 

. M. Born, Z. Phys. 37, 863 (1926). 

. L. I. Schiff, Quantum Mechanics, 2nd ed. (McGraw-Hill, New York, 1955). 

‚ A. P. Arya, Fundamentals of Nuclear Physics (Allyn and Bacon, Boston, 1966). 

. R. V. Churchill, Fourier Series and Boundary Value Problems (McGraw-Hill, New 


York, 1941), p. 92. 


. В. L. Cohen, Concepts of Nuclear Physics (McGraw-Hill, New York, 1971). 
. E. Amaldi, O. D'Agostino, E. Fermi, B. Pontecorro, F. Rasetti, and E. Segre, Proc. 


R. Soc. London Ser. A 149, 522 (1935). 


. Handbook on Nuclear Activation Cross Sections, Technical Report Series Мо. 156 


(International Atomic Energy Agency, Vienna, 1974). 


. Protection Against Neutron Radiation, NCRP Report No. 38 (National Council on 


Radiation Protection and Measurements, Washington, 1971). 


. J. А. Auxier, W. S. Snyder, and T. D. Jones, “Neutron interactions and penetration 


in tissue," in Radiation Dosimetry, vol. 1, edited by F. H. Attix and W. C. Roesch 
(Academic, New York, 1968), p. 275. 


- Neutron Dosimetry for Biology and Medicine, ICRU Report No. 26 (International 


Commission on Radiation Units and Measurements, Washington, 1977). 


. W. E. Alley and R. M. Lessler, Nucl. Data Tables 11 (1973). 
‚ N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). 

. B. E. Watt, Phys. Rev. 87, 1037 (1952). 

. R. L. Bach and R. S. Caswell, Radiat. Res. 35, 1 (1968). 


H. Bassel and G. H. Herling, Radiat. Res. 69, 210 (1977). 


'S. Levinger, Phys. Rev. 90, 11 (1953). 
A. Carlson and M. O. Krause, Phys. Rev. Sect. A 140, 1057 (1965). 


R. 

. P. J. Dimbylow, Phys. Med. Biol. 25, 637 (1980). 
I 
T 


10.1 Introduction 


DI | 
8. noton and Neutron 10.2 Charged Secondary 
Radiations 


| n өю 

ко пскву Deposition 10.3 Scatter Buildup Effects 
T 10.4 Internal Doses from 
hi Depth Distributed Sources 


10.5 Expressions for Depth- 
Dose Curves 

10.6 Activation by Photon 
and Neutron Beams 

10.7 Problems 

10.8 References 


10.1 Introduction 


Energy deposition in an absorber due to photon or neutron fluences will be 
discussed in this chapter. The mathematical analysis used will be sufficiently 
general to include both of these radiations. From the point of view of energy 
transfer, photons-and neutrons both participate in scattering and absorption 
processes, and both generate charged and uncharged secondaries. Figures 10.1 
and 10.2 show the kerma per fluence separated into components due to scattering 
and absorption (1-4) for a small mass of tissue. In both figures, it is evident 
that at intermediate energies (about 1 MeV), scattering reactions transfer most 
of the energy. After degradation, at lowest energies, absorption reactions domi- 
nate the energy transfer. The situation for neutrons is unique in that a substantial 
portion of the available energy is transferred to gamma rays. Furthermore, 
the shape of the neutron absorption curve in tissue is not representative for 
all low 2 absorbers. Soft tissue (76% О, 11% C, 10% Н, 3% N) contains 
(5) a substantial amount of nitrogen by weight, and low-energy neutron absorp- 
tion in tissue is directly dependent on the nitrogen content. 

Energy degradation of photons and neutrons can involve many processes. 
Figures 10.3 and 10.4 show that a great variety of secondary radiations can 
be involved. More than 30 separate interaction steps may be needed to convert 
the electromagnetic energy of a 1-MeV photon into kinetic energy (6) in tissue. 
Fewer interactions would be required in heavy absorbers because of the increased 
probability of the photoelectric effect. Degradation of the energy of a ]-MeV 
neutron requires fewer than 30 elastic scattering events for light absorbers. Con- 
siderably more elastic scattering events are required for heavy absorbers, but 
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Figure 10.1 The curves 
show the kerma per 
fluence as a function of 
photon energy for a small 
tissue mass. The 
contribution from scatter 
reactions is shown 
separately from the 
10) qu 10' contribution from 
PHOTON ENERGY (MeV) absorption reactions (1). 
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inelastic scattering and particle emission reactions aid in the neutron degradation 
process in that case. E ~ 
Since neither photons nor neutrons have a net charge, the pattern of energy 
deposition in depth for these radiations is different than was described in Chapter 
4. The concept of path length, valid for charged particles, is not very useful 
for photons or neutrons. A charged particle usually participates in a multitude 


transfer to 
gamma rays 


--/ 
~ 
~ 
~ 
~ 


~ 
~ 


Figure 10.2 The curves 
show the kerma per 
fluence as a function of 
neutron energy for a 
small tissue mass. The 

\ | absorption dashed line is not actually 
scatter ! a kerma curve but 
represents the energy per 
unit mass per unit fluence 
transferred to gamma 
rays (2-4). Adapted from 
NEUTRON ENERGY (MeV) Ref 33 
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лге 10.3 The block diagram shows primary reactions and secondary radiations for 
г photon indicated by hvo in an absorber. 
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of discrete events spaced at relatively regular intervals before it is stopped. 
Thus, a plot of the dose deposited versus penetration depth falls to zero abruptly 
when the kinetic energy is dissipated. Monoenergetic segments of a primary 
bearn of photons or neutrons participate in events governed by the exponential 
attenuation law. Thus, many of these radiations travel relatively short distances 
before absorption, while other identical radiations by chance may penetrate to 
much more substantial depths. Because of this property, curves of dose versus 
depth maintain a gradually diminishing magnitude for indirectly ionizing species. 
In the following section, the origins and composition of charged secondary 
radiations will be discussed in some detail for both photon and neutron primaries. 
The charged secondaries will be regarded as a connecting link between the 
kerma and the dose. In Section 10:3 the effect of buildup of uncharged secondary 
and higher order products on the depth dose will be discussed, and the barrier 
transmission will be defined. 
In Section 10.4 we outline a method requiring the use of the absorbed 
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Figure 10.4 The block diagram shows primary reactions "m SECO radiations for 
а neutron indicated by по in an absorber. 
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fractions for calculating internal doses from deposited radionuclides. In Section 
10.5 an analytical description of the central axis depth-dose curve for an incident 
beam of indirectly ionizing radiation will be developed in terms of an effective 
attenuation coefficient and a scatter buildup factor. The algebraic description 
given is not necessarily optimal for an efficient description of experimental data 
but it is conceptually useful because major effects are clearly delineated. 

Section 10.6 is included to acknowledge that indirectly ionizing radiation 
beams are often used to produce radioactive samples. Some fundamental expres 
sions involving cross sections and irradiation times are given. 


10.2 Charged Secondary Radiations 


The chain of energy. transfer for photon or neutron beams leads through the 
primary reactions to charged-particle secondaries. It can then be traced through 
ionization and excitation processes to local atomic sites. The kerma is a conve- 
nient intermediate quantity for use in a discussion of energy deposition by indi- 
rectly ionizing radiation because it is related to the kinetic energy given to 
charged secondaries. It is applicable to both photon and neutron beams and 
is directly related to the source fluence. In addition, it represents the released 
energy per unit mass and therefore can be expressed in grays, the unit for 
absorbed dose. i 

The total kerma K; has three major components іп ап absorber under 
irradiation: | | i {Е 


K, = К + Ks + Ke (10.1) 


The primary kerma Kp is attributable to photons or neutrons coming directly 
from the source with no intervening events. The kerma from scattered radiation, 
Ку, is released by indirectly ionizing components degraded by one or more 
scattering events. For example, Compton scattered photons would contribute 
in an incident photon beam. Ke is the kerma from radiation emitted in the 
absorber but initiated by the primary radiation. It can include energy released 
. by secondary components, such as characteristic photons, bremsstrahlung, anni- 
hilation photons, and even photoneutrons from high-energy photon sources. 
For neutron sources the emitted secondaries might include capture gamma rays 
and de-excitation gamma rays emitted after inelastic reactions. An array of 
scattered and emitted secondaries is indicated in Figures 10.3 and 10.4. 
The kinetic energy released in the absorber by a photon beam is given 
to photoelectrons, Compton electrons, and electrons and positrons from pair 
production for the most part. The properties of these secondaries have been 
discussed in Chapter 6 and 7. If they have sufficient energy, they will carry 
energy away from the site of liberation to well removed atomic sites. Because 
of this transport, the secondary energies and emission angles are of significance. 
Recall that the angular distributions for photoelectrons, Compton elec- 
trons, and electron-positron pairs generally favor forward directions when the 
incoming photon energy is substantial. Figure 10.5 shows some evidence of 
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Figure 10.5 Тһе angular distribution of electrons emitted from a 6-kg/m? aluminum 
absorber by 69Со gamma rays is shown (7). 


| 

this fact for the case of 9?Co photons incident on а 6-kg/m? aluminum absorber 
(7). Thus, at sufficiently high incident beam energies, the dominant projection 
of the charged-particle momentum is along the incoming direction, and the 
dose deposited in depth is displaced from the kerma in the forward direction. 
On the average the distance the energy will be carried from the point of release 
can be no greater than the range of the most energetic secondaries. Table 5.2 
gives some pertinent electron ranges for comparison purposes. 

Auger (pronounced “О?”) electrons comprise a component in the array 
of charged-particle secondaries that has not been discussed yet. The Auger 
effect is the emission of an orbital electron after the production of an inner- 
shell vacancy. Thus, it is a possible de-excitation process after photoelectric 
absorption. Generally, there are three atomic subshells involved in an Auger 
process, as illustrated in Figure 10.6. They need not all be different subshells, 
however; As an example, а KLM Auger process means that a K-shell vacancy 
was filled by.a transition from an L-shell electron, which resulted in emission 
of an M-shell electron (Auger electron) from the atom. 

The Auger effect is governed by coulomb interactions of the electrons 
(8), and electrons from all subshells satisfying the energy considerations can 
participate. For a general example, consider the filling of a vacancy in subshell 
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Figure 10.6 An energy 


ue — K shell level scheme is shown to 


illustrate the Auger 
initial vacancy | effect. 


Q by an electron transition from subshell R followed by emission of an electron | 
from subshell S, where ВЕ - BEg > BEs. Each of the letters О, R, and 5 
could stand for subshells K, Lir, Lu, Lin, Мі, Mu, Mm, and so forth, in principle. 

With this notation the kinetic energy T' of the Auger electron is related by 


BEg — BEr =T+BEs, T —BEs — BEp — BE; (10.2) 


where BE represents the electron binding energy for the subshell indicated. In 
atomic systems, valence electrons are partially shielded from the nuclear charge 
by inner-shell electrons. In the case of ions with single inner-shell vacancies, 
the effective nuclear charge for binding is about --%2 e larger than for the neutral 
atom because of reduced shielding. Since an Auger electron is released from a 
charged ion, BEs should be increased from the neutral atom value. An average 
of the appropriate binding energy in the neutral atom and the value for an 
atom with the atomic number increased by one can be used as an estimate in 
circumstances with singly charged ions. 

In tissue constituents the energies of Auger electrons are relatively small, 
and they are of minor significance in the electron milieu in an absorber. Auger 
emission may have a pronounced effect on the particular molecule directly in- 
volved, however. This is because a single inner-shell vacancy can lead to two 
other vacancies, and so forth. For intermediate and heavy atoms, the potential 
for a shower process exists. Chemical bonds in an involved molecule are likely 
to be severely disrupted in such a circumstance (9). 

For neutron beams the kinetic energy released can be given to a variety 
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of ions, depending on the absorbing material. In hydrogenous absorbers, protons 
from elastic scattering are important. Other species such as helium ions from 
(п, а) reactions may also be present as well as residual ions from such reactions. 
Figure 10.7 shows the kerma for a 5-MeV neutron beam as a function of depth 
in a tissue absorber (4); notice that components from protons dominate at all 
depths shown. However, the component attributable to electrons becomes impor- 
tant at large depths. For neutron kinetic energies below about 10 keV, the 
electron kinetic energy is the most important component in tissue absorbers. 

The radiative capture reaction H(n,y)D is a significant intermediary for 
production of fast electrons in hydrogenous absorbers (3, 4). The 2.2-MeV cap- 
ture gamma ray comprises a substantial part of the radiation fluence in these 
absorbers when the incident neutron kinetic energy is low. Generally, gamma 
rays emitted from nuclei excited during various neutron reactions are present 
when neutron beams are absorbed. The resulting tertiary electron fluence consists 
of photoelectrons, Compton electrons, electron-positron pairs, and the like, set 
free by interactions of the secondary gamma rays. 

The directions of the fast-proton secondaries emerging after elastic neutron 
scattering reactions have substantial forward components, as illustrated in Figure 
8.8. Because of this forward projection, the dose distribution for high-energy 
neutron beams is displaced from the kerma distribution in the direction of the 
incident radiation. This is similar to the situation for photon beams except 
that the ranges of the secondary protons are much smaller than the ranges of 
secondary electrons of comparable energy from photon beams. Thus, the dis- 
placement between release and energy deposition for the charged secondaries 
is comparatively small for neutron beams. 

The most striking examples of the effect of forward projection of secondary 
charged particles occur in depth-dose distributions near the entry surface of a 
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. beam into an absorber. The dose builds up to a maximum at some depth dm 
under the surface as the secondary charged-particle fluence builds up. This 
phenomenon has already been mentioned in Chapter 5. At greater depth, beam 
attenuation causes a more gradual decrease in dose with increasing depth. Of 
course, the thickness of the charged-particle buildup layer depends on the beam 
quality. Figure 10.8 shows some values of the buildup thickness for a water 
absorber (10). Generally, the higher the primary energy, the larger the buildup 
depth. 

Table 10.1 gives some results for dose measured in the charged-particle 
buildup region of inhomogeneous photon or neutron beams (11—13). The head- 
ings for the columns indicate the beam quality. For example, 25 MV is used 
to denote the inhomogeneous bremsstrahlung beam produced by 25-МеУ elec- 
trons. For neutrons the heading 50 MV denotes the inhomogeneous neutron 
beam produced by incident 50-MeV charged particles. For neutron beams, sev- 
eral incident ions and targets can be used. Thus, the reaction 9Ве(4,п)/9В where 
d (deuteron) and n (neutron) indicate the incident and outgoing particles, respec- 
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Figure 10.8 The water 
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achieve complete 

E 05 1 45 i charged-particle buildup 
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Table 10.1 Relative Dose in Charged-Particle Buildup Region 


m. Photon Beams Neutron Beams 
Depth __ —— — 4 NM "ез - шн „_ 
Gnm) Co 25 MV 16-MV ?Be(d,n)'* B 50-MV ?Be(d,n)'*B 
1 70 28 87 72 
2 90 40 | 99 86 
3 98 47 100 91 
4 100 55 96 
5 61 98 
6 66 99 
8 | 73 | 100 
10 79 
15 : 89 
20 95 
25 99 
30 100 


35 


Data from Refs. 11-13. Values are expressed in percent of maximum value. 


tively is also specified for this column. For inhomogeneous beams the maximum 
dose occurs at a depth related to the average range of the secondaries. Thus, 
low-energy x-ray machines produce no measurable buildup region, but high- 
energy beams from accelerators produce a substantial region of charged-particle 
buildup. 


10.3 Scatter Buildup Effects 


In many practical situations, the dose expected from a radiation source must 
be estimated prior to actual use of the source. When shielding barriers surround 
the source, barrier transmission values are helpful in making the estimate. We 
will discuss barrier transmission in the present section, with particular emphasis 
on the effects of scattered radiation. The principles introduced in this section 
will be further demonstrated in development of the schemata for calculating 
doses from distributed sources and calculating central axis depth-dose values 
for radiation beams. | е " 

As a first step, consider а monoenergetic, isotropic point source of indirectly 
ionizing radiation. The primary source fluence фр at a distance r Is related 
directly to N, the total number of source events producing at least one emission, 
and to the branching ratio w, which is the fraction of emission events producing 
radiation of:the type and energy under consideration: 


N 


wN 
E = (10.3) 
= exp (—pr 
фр = gnp P (ш) | 
The factor 1/4тғ2 occurs because the emitted particles intercept а spherical 
shell of area 477? at distance r. The exponential factor is due to attenuation 
of the primary fluence in a surrounding absorber with attenuation coefficient p. 


232 Photon and Neutron Energy Deposition in Depth 


The energy deposited in the absorbing material because of the indirectly 
ionizing radiation depends on the fluence ф and the energy E of the radiation 
emitted by the source. We will use the kerma in this section because it is directly 
related to these two variables and is expressed in units of energy density. In 
Chapter 5 the kerma K was given as 


- K= E(pur/p)} (10.4) 


where ptr/p is the mass energy transfer coefficient. The kerma per fluence was 
shown on Figures 10.1 and 10.2 for a photon and a neutron beam, respectively, 
in a tissue absorber. Table 10.2 shows specific values of the kerma per fluence 
for several common photon and neutron sources (1, 4, 15-16). An average 
energy and average kerma per fluence is listed for the heterogeneous neutron 
sources. 

Combining Equations 10.1, 10.3, and 10.4 gives 


KTK: 
К, = Kp + Ks + Ke = KpBF(r), ВЕ(г)-|1-- -E 
p 
wNE 
К, =: (ptr/p)BF(r)exp(— pr) , (10.5) 


The scatter buildup factor BF(r) corrects the kerma expression for energy re- 
leased from scattered and emitted radiation in the absorber. The scatter buildup 
referred to here for indirectly ionizing components should not be confused with 
charged-particle buildup discussed in Section 10.2. : 
Kerma and dose values from isotropic point sources are relatively easy 
to calculate. Line sources, cylindrical sources, and spherical sources can Бе; 
treated as point sources if the distance from (һе center of the source to the 
point of interest is much greater than the source dimensions and if self-absorption 
is negligible (17). When cylindrical and spherical sources with appreciable self- 
absorption are utilized, primary attenuation and scatter buildup cause complica- 
tions. Table 10.3 gives some useful relationships for several source geometries 


Table 10.2 Fluence-to-Kerma Conversion Factors for Radioactive Sources 
| Average Values 


(К/ ФХбу” m?) 


_——————-— 


Source Type (E) (MeV) Air Tissue 
A Уа.  ___- ____--__-__-_-__ = eee S S 
99mTc photons 0.14 |, 0.68 0.73 ) 
137—137 Ва photons 0.66 210227 Аарон ХНО > 
воСо--59Мі photons 1.25 5.36 5.90) 
Am—Be neutrons 4.3 | 38 
Pu—Be neutrons 4.1 | av bo ons ДАУЫ 
Ra—Be neutrons 4.5 3.8 


Data from Refs. 1, 4, 14-16. 
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Table 10.3 Approximate Transmission Tm for Several Source Geometries? 
$$ _________________ 


Expressions i i Coefficients 
^. Cylindrical source (length J, radius R) Effect of degraded radiation excluded: р’ = р 
1. Along axis: Tm = ехр—и'1/2) Effect of radiation proportional to energy re- 
2. Normal to axis leased: р’ = pur 
a. No extra cylindrical shielding: Effect of radiation possible only after decreased 
Тт = exp(—8p’R/37) : energy: иу <0 


b. Extra cylindrical shielding; shell of 
thickness Ar: 
Tm = exp(—8p'R/371) 
exp(—1.2p'Ar) 
B. Spherical source (radius R): 
Tm = exp(—3p' R/4) 


Data from Ref. 18. 
? Conditions: 1) source to detector distance must be much greater than any source dimension; 2) transmission 
must be greater than 0.9. 


(18); notice that several special cases can be considered. If the effect of the 
degraded radiation on the system of interest can be neglected, the attenuation 
is best described using the total coefficient for the primary beam. If the effect 
of the radiation on the system of interest is proportional to the charged-particle 
energy released, one can approximate the effective coefficient with the energy 
transfer coefficient p = ptr. | 

When the released kinetic energy is of utmost importance, the product 
BF(r)exp(—pr) for the point source in Equations 10.5 can be approximately 
replaced by exp(—pirr). The rationale for this substitution is that the energy 
transfer coefficient does not include scattered energy and energy emitted in 
secondary processes. Treating the scattered and emitted fractions as though 
they were transmitted primary tends to compensate for the buildup factor. As 
Figure 10.9 shows, this-approximation is valid only for small absorber thickness 
(19); it fails when the absorber thickness approaches a mean free path length. 
In reality, the degraded secondary radiation is more readily absorbed than the 
primary component. Because of this, the measured kerma at some substantial 
distance is less than the value calculated using pr. =! | | 

When an energy-sensitive detector is located in an infinite absorbing me- 
dium at distance r from a central source emitting photon energy hv, the buildup 
factor can be approximated by 


BF(Av,r) = 1+ Blhv,Z)pr = 1 + B(hv,Z)r/A (10.6) 


The linear buildup constant B(Av,z), appropriate for this geometry, has been 
tabulated for various photon energies and absorbers (20). As a first approxima- 
tion, B(hv,Z).can be set equal to one for photons with hv = 2 MeV and for 
low Z absorbets. In this case the radial distance expressed in mean free path 
units, pr = r/d, is the important parameter. Table 10.4 shows some values 
which approximate the buildup factor BF(/iv,r) for photon point sources in 
water (21). Notice that the buildup factor becomes very large when the absorber 
thickness is equivalent to many mean free path lengths. 
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10 


measured 


10 ? 


TRANSMISSION 


. Figure 10.9 Тһе 
measured curve is the 
transmission of 99Co 
gamma rays through a 
surrounding lead shield 
(19). The exponential 
curve using Mtr 

қ: approximates the 
2 4 6 8 10 12 14 measured curve for small 
WALL THICKNESS (cm) thicknesses. | 


Consider the case when a shielding barrier is interposed between ап indi- 
rectly ionizing radiation source and the area of interest. Suppose that the barrier 
surface is at a distance F from the source that is much greater than any source 
dimension. Of interest is the kerma, K;(d,F,A/P), at a depth d within the barrier 


Table 10.4 Buildup Factors for Photon Beams 


a pS 


Number of Mean Free Paths 


Energy pui S o 


Material (MeV) 1 2 gare: 10 
a a le SS 
Water А 0.255 3.09 ice 23.0 166 
0.5 2.52 5.14 14.3 71.6 
1.0 2.13 3.71 7.68 27.1 
2.0 1.83 og 7 488 “124 
40. 1.58 2.17 3.34 2222 694 
10.0 1.33 1.63 2:19 3.72 
Lead 0.5 1.24 1.42 1.69 227 
1.0 1137 1.69 . 2.26 3.74 
2.0 1.39 1.76 2.51 4.44 
40. 1.27 1.56 2:25% 5.44 
10.0 ШЕТІ 1.23 1.58 4.34 


ee eee eee 
Data from Ref. 21, calculated for dose build-up. | 
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and on a line from the source that is perpendicular to the barrier surface (central 
axis). If Kp(O,F) is the primary kerma incident on the barrier surface, then 


0 
Bad 


к 2 
K.(d;E,A/P) = Ky (OF)BEGLA/P)| | ехр(—исна) (107) 


This result is easily understood with reference to Equation 10.5. The inverse 
square factor [F/(F + d)]? occurs because of continued beam divergence as it 
travels from the surface of the barrier to depth d. An effective attenuation 
coefficient per, which is a function of the average energy of the primary fluence, 
is used in the exponential. The coefficient itself will be an implicit function of 
depth if spectrum filtration effects are important. The buildup factor is given 
as a function of depth d and A/P, the area-to-perimeter ratio for the radiation 
field at the absorber surface. The area-to-perimeter ratio is utilized when colli- | 
mated sources are involved. It has been shown to be an efficient parameter 
for use in describing scatter buildup effects in such situations (22). 

The National Commission on Radiation Protection and Measurements 
(NCRP) has defined the transmission as the ratio of detector response behind 
a shield to the detector response at the same location without a shield (23). 
Presumably, either particle-sensitive or energy-sensitive detectors could be em- 
ployed. At this point we restrict ourselves to energy-sensitive detectors and 
choose a kerma response ratio rather than a dose ratio, so that complications 
from projected secondary charged particles are avoided. In this case the transmis- 
sion Tm(d,A/p) for a barrier of thickness d is the ratio of the total kerma at 
depth d in a thick barrier to the total kerma at the same point in space if the 
initial absorber thickness d were removed. Using Equation 10.7, 


КАФЕ(А/Ру] ____ВЕГа(А/Р)] 


Ж —исиду (108) 
KlO.(F+@)(A/P)rsal BE[O,(A/P)r sa) PC Ре ) 


Tm(d,A/P) = 


The subscripts on the area-to-perimeter ratios give the distances for evaluation 
of these ratios. With the definition given in Equation 10.8, the kerma due to 
radiation scattered backward from the barrier cancels out of the transmission 
expression and only forward scatter components are included. Thus, the trans- 
mission from Equation 10.8 is a special case of the NCRP definition. 
Generally, the scatter buildup factor for collimated indirectly ionizing 
beams approaches a limiting value as the field dimensions on the absorber surface 
· become large compared to the mean free path of the radiation. This occurs 
because radiation scattered and emitted from points well removed in a very 
large field are likely to be absorbed before they reach the volume of interest. 


The broad-beam limit, defined by 
BF(d,A/p) > BFmax(d), А/р>А (10.9) 


is useful in design of shielding barriers for radiation-generating equipment before 
actual installation. In this limit one obtains the maximum transmission that 


could occur. 
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2 
О 
e = 
2 107? 
= 
2 
= 
6123 
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2 
О 
-4 
9 10 Figure 10.10 The 
a broad-beam transmission 
З. of several bremsstrahlung 
10 beams through concrete 


is shown (23). The 
numbers are end-point 
energies in megaelectron 
volts. Adapted from Ref. 
THICKNESS CONCRETE (cm) 24 


50 100 150 200 250 


Broad-beam transmission curves for concrete are shown on Figures 10.10 
and 10.1 1 for several photon and neutron beams, respectively (5, 23). The dashed 
curve on Figure 10.11 includes the kerma contribution due to secondary gamma 
rays aS well as neutrons. Note that both the photon and the neutron curves 
initially deviate from the exponential shape because of changes in the buildup 


~ 
~ 
~ photon 


N kerma 

ME. included 
5 Figure 10.11 Several 
broad-beam transmission 
curves for monoenergetic 
neutrons in concrete are 
shown (5). The numbers 
are neutron energies in 
megaelectron volts. The 
dashed curve is the sum 
of the transmitted kerma 
for 14-MeV neutrons and 

50 |. 100 150 the kerma due to 

THICKNESS CONCRETE (cm) secondary photons. 


NEUTRON TRANSMISSION 
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factor and effective attenuation coefficient with depth. Nonetheless, after depths 
greater than several mean free path lengths are attained, the. dependence on 
depth can be approximated by an exponential. This exponential dependence is 
suggested by Equation 10.8 but has not been deduced a priori. 

When the transmission curve is approximately exponential at large depths, 
one can obtain an equilibrium tenth-value thickness (TVT) and a kerma removal 
coefficient perm. 

exp[—Prm(TVT)] = 1/10, р -20 . (10.10) 
The removal coefficient can be used to extrapolate measured transmission data 
to greater barrier thickness if necessary. 

The effects of buildup in a collimated beam are largely due to radiation 
scattered at relatively small angles. Indirectly ionizing components scattered 
at large angles can produce a radiation background in regions removed from 
the primary beam. For example, the radiation energy scattered from the surface 
of a wall due to a horizontal radiation beam may be significant at locations 
well removed from the primary beam path. In this context, the name “albedo” 
has been given to the fraction of the incident radiation reflected or backscattered 
from a surface (24). The reflection coefficient a(6;,0;), which is generally а 
function of angle of incidence 0; and angle of scatter 0, for the radiation is 
often more useful than the total albedo. For example, the kerma at a point 
removed 1 m from a scattering area A in square meters can be obtained from 


К = Коо(0:,0;)А | (10.11) 


If, Ко is the kerma incident on the scattering surface, a is the fraction reflected 
from unit area struck by the beam. Figures 10.12 and 10.13 show calculated 
values which approximate a(0;,0;) for concrete (23). 


10.4 Internal Doses from Distributed Sources 


In this section we will develop some expressions that can be used to calculate 
the dose to an absorbing volume containing a uniformly distributed radioactive 
source. This problem can be viewed as an example of the use of Equations 
10.5. It is of some practical importance because in some circumstances radioac- 
tive materials can be deposited in body organs. A first estimate of the radiation 
effect in such a situation requires knowledge of the absorbed dose for the organ. 

The formulation we will use can be found in several references (25, 26). 
It is usually applied to photon sources, but in principle, doses from neutron 
sources could be calculated also. For simplicity, assume that the radioactive 
material is uniformly distributed throughout the homogeneous volume of inter- 
est, V, which has mass density p. The total activity, A = dN/dt, is contained 
within this volume. The branching ratio or fraction of emission events falling 
into the category under discussion is w, and the average energy of the radiation 
emitted per decay is Е. Then dat, the absorbed fraction, is the fraction of emitted 


238 Photon and Neutron Energy Deposition in Depth 


a (SPECULAR) 


Figure 10.12 The 
specular reflection 
coefficient for several 
: pairs of angles is shown 
1 10 for incident photons. 


PHOTON ENERGY (MeV) Adapted from Ref. 23. 


energy that is self-absorbed in the volume. The subscript af was attached to 
the absorbed fraction so that it would not be confused with the particle fluence. 
The dose rate dDg/dt in the volume is a direct result of the activity and refers 
only to energy component Е. Then for dose Dg in grays and activity 4 in 
becquerels, : 


ос (SPECULAR) 


Figure 10.13 The 
specular reflection 
coefficient for several 
pairs of angles is shown 
1 10 for incident neutrons. 


NEUTRON ENERGY (MeV) | Adapted from Ref. 23. 
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арк _ ES wE 
V 


A 
dt dt фи = py Pha = САфи (10.12) 


where C = A/p V is the uniform activity concentration in the mass іп becquerels 
per kilogram and A = wE is the absorbed dose constant in joules. 

The total dose is obtained by integrating the dose rate over the duration 
of the irradiation. In this case, after initial deposition of the radionuclide, the 
dose rate decreases in time because of physical decay, indicated by decay constant 
A». If the volume of interest is an organ in a living system, biological processes 
may act to clear the radionuclide for elimination. Thus, one can define a biological 
clearing probability per second per molecule, A», in analogy with the physical 
decay constant. The use of a single value for Ар means that exponential biological 
clearance of the radionuclide is assumed. This is sufficient for a first approxima- 
tion. 

Assuming instantaneous filling, at time t = 0, the rate of change of activity 
in the volume is given by 

dA = = — 10.13) 

m =—(Ap et ho) A, A= A max ехр[ (Ap + Av)t] (10. 
where Amax is the total activity contained in the volume at t = 0. Combining 
Equations 10.12 and 10.13 and integrating yields 


t t 
Dg =f (dD;/dt')dt' = Сафа exp[—(Ap + Ao)t']dt' 
0 0 


Cuir 
=== Фа (1 — exp[—(p + 25)t]] (10.14) 
Equation 10.14 was developed for a single component of radiation with 
energy E. The total volume dose is the sum of contributions from all radiation 
components. The summation over individual components, with index i, can 
be put in a standard form: 


D = 1 44 1;20@maxl1 — exp(—0.693t/T 1/2е)] 2 А: (фа): (10.15) 


where T. is the effective half-life, and 14472 = 1/(Ap + А»). 

Use of SI units in Equation 10.15 will ensure a result in grays. Other 
units commonly used together include the effective half-life Те in hours, 
the maximum radionuclide concentration Cmax in microcuries per gram (uCi/ 
g), and the absorbed dose constant A; in gram-rads (absorbed dose) per microcu- 
rie hour .[g-rads/wCi-hr)]. Absorbed dose constants in these units have been 
tabulated for many photon-emitting radionuclides (14, 27). | 

Usually radiations are put into one of two categories for purposes of internal 
dose calculations: 1) nonpenetrating radiations, which are assigned a value Pat 
= 1.0 for the source volume; and 2) penetrating radiations, which һауе 0 < 
Фаг < 1.0. The nonpenetrating radiations are charged particles or low-energy 
indirectly ionizing radiations that generally penetrate less than 1 ст (25). In 
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fact, absorbed fractions are never exactly one, even for an entirely uniform 
radionuclide deposition confined within a well defined volume, since energy 
must always escape from the boundary surfaces. This means that the dose is 
' never exactly uniform in the volume. Nevertheless, the two categories are suffi- 
cient for large volumes with a large ratio of volume to surface area. If nonuniform 
depositions are made, charged-particle penetration must be considered and dose 
reduction coefficients must be applied (28). 

The absorbed fraction discussed in the foregoing development will depend 
on the containing volume and the attenuation coefficient of the medium involved. 
In general, a complete calculation of dar is nontrivial. However, it is relatively 
simple to obtain an integral expression for the absorbed. fraction for the case 
of uniform deposition in a sphere of homogeneous composition. 

If we ignore the escape of secondary charged particles from the spherical 
surface, the absorbed fraction for indirectly ionizing radiation is equal to the 
fraction of the total emitted energy. transferred to charged particles within the 
volume V. Then | 


ла ] ] pdVa ак 
a= (10.16) 


where dK- stands for the differential kerma caused by photons emitted in a 
differential element of the volume, and dV, is the elemental volume for energy 
transfer to charged particles. Thus, the subscripts e and tr stand for radioactive 
emission and energy transfer to charged particles, respectively. The symbols 
— w, N, and E are for the branching ratio, the total number of emission events, 
and the emitted energy, respectively, as defined in Section 10.3. 

From Equation 10.5 the differential kerma for dN emissions must be given 
by | 


sc BE(rjexp(-pr) 
ак, = (а№уЕ(рь/ р) веер вр 


М BF(r)exp(—}7) 

= | у рәееком/ p) PEE ар EE = (10.17) 
In this case pdVe is the mass element for. emission of the radiation, and 
N/pV is the average number of emissions per unit mass; thus, dN — 
(N/pV)pdVe. The gamma ray is assumed to be emitted in dVe, and the energy 
is transferred to charged particles liberated in dVtr at a distance r away. The 
situation is illustrated in Figure 10.14. The value (ptr/ p)BF(r)exp(—pr)/4ar? 
is the fraction of the photon energy transferred. Using V = (4/3)т К? and 
combining Equations 10.16 and 10.17 gives i 


Jl P^ Lo За [av J av. BF(EexpC- MA) (е) 
= NE | 161253 іт е ТЕ 
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Figure 10.14 Elements 
for integration are shown 
in a spherical volume. 
Radiations are presumed 
to be emitted in dV, at 
a position given by re and 
Oe, and energy is 
transferred to charged 
particles in d V4, at ri, and 
Our. 


If the absorber is small (A > R), Equation 10.18 can be simplified by 
substituting exp(—purr) for BF(r)exp(—prr): 


фи = ET ја] ау, Срат) (10.19) 


т? К? p 


Since the exponential factor carries the fractional attenuation of the emitted 
photons, it is clear that after integration to radius R the absorbed fraction 
will be a function of pirR = R/Atr, where tr is the mean free path for energy 
transfer for the indirectly ionizing component. This dependence ensures that 
the absorbed fraction will increase as the radius is increased. It will approach 
one when R is much greater than the mean free path for energy transfer. Figure 
10.15 illustrates the specific dependence of фаг on ja. R for a spherical absorber. 

In practical situations the geometry is often quite complicated. In all cases 
the absorbed fraction increases as the volume dimensions increase relative to 
the mean free path for the radiation. However, use of the energy transfer coeffi- 
cient in the exponential is not always sufficient, and a Monte Carlo procedure 
may be necessary to obtain the absorbed fractions. Table 10.5 shows some results 
for small spheres with radioactive photon emitters (29). Calculations for absorbed 
fractions of body organs are available (30). 


10.5 Expressions for Depth-Dose Curves 


In this section we will confine our attention to the dose deposited in depth in 
an absorber by indirectly ionizing beams. The word “beam” will indicate radia- 
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tion diverging from a collimated source incident in air on a distant absorber. 
We will give analytical expressions with several parameters for the percent depth 
dose in the absorber along the central axis of the beam and incident perpendicular 
to the absorber surface. The expressions utilized relate directly to basic principles 
but are not necessarily efficient mathematical forms to use in curve fitting. A 
discussion of isodose curves follows development of the central axis expressions. 

It is convenient to begin with an expression for the kerma at various 
central axis depths. Equation 10.7 relates the total kerma K,(d,F.A/P) to the | 
most important parameters. We use the kerma-to-dose conversion ration b(d), 
expressed as a function of depth, to obtain the expression for the central axis 
dose D(d,F,A/P). From Equation 10.7, | 


Table 10.5 Absorbed Fractions for Uniformly Distributed Photon Sources їп Unit Den- 
sity Spheres 28 8 
ИЕ. | ШШ ЕИ SS ЕЕЕ аа —_———— 
Photon Energy (MeV) | | 
102.7 o o iS 25е ы. 


Mass 
` (g) 0.030 0.050 0.100 0140 . 0.364 0.662 1.460 
1 0.050 0.011 0.009 0.010 0.011 0.011 0.010 
2 0.064 0.014 0.012 0.012 0.014 0.014 0.012 
4 0.081 0.019 0.015 0.016 0.018 0.018 0.016 
10 0.111 0.027 0.021 0.022 0.025 0.024 0.021 ` 
20. . 0.139 0.035 0.027 0.028 - 0.031 0.031 0.027 
— 40 0.174 0.046 0.036 0.036 0.039 0.038 0.033 
100 0.306 0.087 0.067 0.066 0.072 ы (0070 0.061 


— 0 0705 0 | иИ им" 2.---- 


Data from Ref. 29. 
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D(d,F,A/P) = b(d) К, (d,F,A/P) 


F p 
T b(d) Kp(0,F) BF(d,A/P) PA М ехр(— река) (10.20) 


At the depth dm, where the dose is a maximum, Equation 10.20 becomes 

| HN. |, 

Dam F, A/P) = b(dm) Ky(O,F) BF(din,A/P) Fez exp(—Merrdm) (021) 
m 


Tiie kerma-to-dose conversion ratio is often approximately constant beyond 
the depth of the maximum for radiation beams producing exponential depth- 
versus-dose curves (31). If b(dm) and b(d) are equal, and d > dm, 


BF(d,A/P) Е + din | 
ВЕ(даљА/Р) | F +d 
X eXpExper(d — дај] · (10.22) · 


D(d,F,A/P) = Р(аљ ЕА/Р) 


The percent depth dose P(d,F,A/P) was defined on Chapter 4 in the context 
of charged-particle beams. For indirectly ionizing radiation, it depends on the 
quality of the radiation, the absorber characteristics, and the parameters listed, 
Le. depth d, source distance F, and field-area-to-perimeter ratio A/P at the 
surface. The percent depth dose is the ratio of the dose at depth d to the 
dose at the maximum, expressed as a percent. When d > din: 


D(d,E.A/P) 
D(dm,F,A/P) 


____ВЕ(4,А/Р) је din 


Figure 10.16 shows central axis percent depth dose curves for an assortment 
(12, 32, 33) of photon and neutron beams for a water absorber. The charged— 
particle buildup region at the surface mentioned in Section 10.2 is evident for 
the high-energy beams. The curve shape well beyond the maximum is nearly 
exponential in many cases. Appendix 11 gives measured values of percent depth 
dose for several photon beams. 

· Equation 10.23 is useful because the consecutive factors remind one that 
Scatter buildup, beam divergence, and absorber attenuation are three major 
effects to be considered in estimating the dose in depth. However, the buildup 
factor and the effective attenuation coefficient generally must be determined 
as a function of depth before percent depth-dose values can be calculated. The 
effective attentuation coefficient for the primary beam has a constant value for 
a monoenergetic. gamma-ray beam. It cannot be expected to remain constant 
at different depths when the beam has a continuous energy distribution. Figure 
10.17 shows a photon spectrum from a linear accelerator and a spectrum of 
neutrons from a cyclotron (34, 35). Because of the effect of filtration in the 
absorber, the spectrum of the primary beam will change with depth, causing 
a change in effective attenuation coefficient. 


P(d,F,A/P) = 100 


2 
| exp[—petr(d — dm)], (10.23) 
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(thermal) (200 keV,e) MeV) and 150 cm (50 
MeV). The photon curves 
are for 50-cm (200 ke), 
80-cm (69Со), and 100- 
cm (25 MeV) distances. 
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A second quantity of practical value for collimated beams is the tissue- 
air ratio TAR[d,(A/P)a]. This ratio depends on the depth d and on the area- 
to-perimeter ratio evaluated at depth d for the field. It is commonly used when 

‘radiation ‘beams incident from several directions are made to intersect in a 
common volume. The tissue-air ratio is defined as the dose to the center of 
an equilibrium tissue mass in depth in an absorber, divided by the dose delivered 
to the same mass at the same position but in air (no surrounding absorber). 
If the kerma-to-dose conversion factor is constant for а > dm, then 


тав ур = ВЕЕР ВКМ _____ 
ыа), | | ева) 


Da[F + d, (A/P)a] Е 

| F+d 
| = BE[d,(A/P)a]exp[—perr(d — аһ) = (10.24) 
Equation 10.20 was used to obtain Equation 10.24 above. The phrase "'equilib- 
rium tissue mass" means that complete charged-particle buildup is assumed. 


Since ап absorber of thickness dm is required to produce this, the exponential 
is included in the denominator of Equation 10.24. The dose in air Dg, is propor- 
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Figure 10.17 The spectrum of photons produced by 27-MeV electrons (e) incident on 
a tungsten target (34) and the spectrum of neutrons produced by 24-MeV deuterons 
(8) incident on а beryllium target (35) are shown. 


tional to the primary kerma, since scatter buildup is assumed to be negligible 
in the equilibrium mass. The tissue-air ratio can be related to the percent depth 
dose using Equations 10.23 and 10.24. 

The tissue-air ratio is of special interest because it is directly proportional 
to the scatter/buildup factor for the beam and independent of distance from 
the source. Figure 10.18 shows the tissue-air ratio for Со beams of several 
sizes (32). Notice that at a given depth, the ratio increases when the field size 
(A/P) is increased. This increase is directly related to an increase in the scatter 
buildup factor, and occurs primarily because the absorber volume available to 
contribute to scatter processes increases with increasing field size. Notice also 
that the curves on the figure tend to level out for very large fields. This feature 
can be related to self-absorption of the scattered radiation, which limits the 
contribution from distant parts of the volume. Local self-absorption is expected 
to be limiting when the field dimensions are larger than the mean free path 
for the secondary radiation. | 

A third quantity relating doses at different depths is TPR, the tissue- 
phantom. ratio (36). The tissue-phantom ratio is the quotient of the dose at 
some depth in an absorber divided. by the dose delivered to the same position 
but at a standard depth in the absorber. The tissue-phantom ratio is called 
the tissue-maximum ratio (TMR) if the standard depth is dm. The tissue-maxi- 
mum ratio has the advantage of being easily measured for any radiation quality. 
The difficulty in measuring the dose in air in an equilibrium tissue mass is 
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Figure 10.18 Тһе TAR is shown for 9?Co radiation as а function of area- 
to-perimeter ratio of the field (32). Adapted from Ref. 6. 


bypassed. If kerma-to-dose conversion factors are assumed constant, and d >| 
dm, / 1 
! 


D[d,F, (A/P)a] 
D[{dm,F + d — dm,(A/P)a] 


ЕЗ b(d)Kı[d, F (4/P)a] 
. b(dm)K:[dm F + d — dm, (А/Рја] 


__BF[d,(4/P)al 
BF[dm, (А/Р)а] 


The tissue-maximum ratio is independent of the distance from the radiation 
source and depends on scatter buildup and primary attenuation. In these proper- 
ties it is very similar to the tissue-air ratio, the difference being that the scatter 
buildup factor at dm is divided out of the TMR. The tissue-maximum ratio is 
widely used for high-energy photon beams. 

The foregoing discussion was developed around central axis relationships. 
Scatter doses are somewhat reduced in magnitude in regions near the edge of 
a collimated field, but they remain significant. The overall effect is best displayed 
on an isodose curve. Recall that an isodose contour is a curve of constant 
percent depth dose. An isodose curve is a composite of such contours in a 
common plane containing the central axis. A variety of isodose curves is shown 

on Figure 10.19 (12, 37, 38) for both photon and neutron beams. 
The shape of an isodose contour away from the central axis of the beam 
is related to a variety of phenomena. Several of them are listed below: 


TMR[d,(A/P)a] = 


exp[—petr(d — ап)! (10.25) 
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beam divergence, 
penumbra, 

scattered radiation, 

source emission distribution. 


The divergence of the edges of the isodose contours with increasing depth 
/ccurs because of the divergence of the incident fluence as produced by the 
source and collimators. Notice that beam divergence is more pronounced for 
the low-energy x-ray source in Figure 10.19 (top left) than for other sources; 
this is because the source-to-surface distance is substantially less (50 cm) for 
this beam than for the other beams (100-150 cm). 

The sharp field edges for the low-energy x-ray beam can be contrasted 
with the rounded edges of the isodose lines for the ©°Co radiation (top right). 
Penumbra produced by the source collimator combination is a major cause of 
the gradual dose change near the field edge for the relatively large ©°Co source. 
A "Co teletherapy source has.a face diameter of several centimeters. Within: 
à substantial region near the lateral field edges, the collimator edge intercepts 
only part of the radiation emitted. Thus, the penumbra region is rather large 
tor °°Co teletherapy beams. Most x-ray sources һауе a focal spot with dimensions 
much less than a centimeter, and thus the beams produced have relatively sharp 
edge contours. 

The concave shape of the isodose contours is related to several factors. 


Figure 10.19  Isodose 
curves (12,37,38) for a 
200-kVp x-ray beam (top 
left), a Co y-ray beam 
(top right), a neutron 
beam produced by 50- 
MeV deuterons (bottom 
left), and a 25-MV x-ray 
beam are shown. 
Adapted from Ref. 25. 
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Scattered and emitted radiation have an effect because field center is an especially ` 
favorable position and receives secondary radiation from all sides. A point at 
the field edge receives scatter from only a fraction of the surrounding solid 
angle; thus, the buildup factor is diminished at the edges. For smaller source- 
to-surface distances, radial divergence also contributes substantially to the con- 
cave shape of the isodose contours. 

The angular distribution of the emitted radiation is another ber to be 
considered, especially at high energies. Generally, very high energy radiations 
tend to emerge from the target with preferred directions nearly parallel to the 
incident direction. This forward peaking can cause an unacceptable amount 
of curvature in the isodose curves for clinical accelerators. For high-energy 
accelerators used in radiation therapy, a cone-shaped field-flattening filter is 
made to intercept the beam and thereby absorb radiation near the beam axis 
preferentially. When a field flattener is used, nearly flat isodose contours can 
be obtained. The bottom right curve on Figure 10.19 was obtained from an 
accelerator with such a filter. ; 


10.6 Activation by Photon and Neutron Beams 


In this section we will discuss activation of an absorber during irradiation. 
When photon beams with sufficiently high energy are employed, radioactivity 
is induced in photonuclear reaction products. Neutron-beam activation can pro- 
ceed from a variety of neutron absorption reactions. Generally, neutron- induced 
reactions have larger cross sections than the photonuclear reactions and produce > 
sources with greater specific activity. Many widely used radioactive nuclides 
can be produced by neutron activation. For example, 60Со and 137С5 sources 
are often produced by using radiative capture reactions in the stable 59Со and 
1365 samples, respectively. In addition, 59Мо, the precursor of Tc, and 1311 
can be separated from other nuclei produced during neutron-induced fission. 
All four of these radioactive species have extensive medical applications. 

Suppose that activation by fluence ф is governed by cross section c. If 
Na is the number of activated targets distributed over area A in the irradiating 
beam, the expression for the cross section can be arranged so that 


_ -аф/ф М/А ЖМ Ма 
прах óndx | фтаАах ФМ 


Ма = No, = Мо —- = Ра (1026) 


where N is the total number of nuclei under irradiation in. the target, and Ра 
is the production rate of radioactive nuclei. 

Since the reaction product is itself radioactive, Equations 10.26 must be 
modified for product decay. In this case the шш of radioactive nuclei present 
at time г is governed by 


dNa 
dt 


= Р, — №М№,; МА о t=0 |. (10:27) 
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Figure 10.20 The sample activity is plotted as a function of irradiation 
time for constant production rate. 


Equations 10.27, show’ that the net rate of i increase of radioactive nuclei is 
the difference betwedn the production rate P, and the decay rate Ag Na. Integrat- 
‘ing the first of Equations 10.27 over the irradiation time t; yields a result valid 
for constant P4: | 


A | 
eee 4 о АРАС) 
Гая afac nN ES ) 
Ра 
NI 5 — exp(-At; + C), exp(C) = = = (Na) max 
Na = (Na)max[1 — exp(—A4)] (10.28) 


The constant of integration C was evaluated using the boundary condition Na 
= 0,1 = 0. 

It is evident from Equations 10.28 that the number of radioactive nuclei 
increases to a saturation maximum (Na)max = Pa/A = No(dd/dt)/d under 
steady irradiation. Furthermore, the rate of increase іп activated nuclei dimin- 
ishes continuously; thus, in practice one never.reaches the saturation activity. 
After irradiating for a time equal to several half- lifé values of the product radionu- 
clide, further irradiation is relatively inefficient. Figure 10.20 is an illustration 
of the buildup of activity in the sample with irradiation time. 

As a special case, suppose the fluence of neutrons in a reactor with speed 
between v and v + dv is given by $(v)dv. If the 1/v reaction cross-section 
dependence holds, а, = Otn(Vtn/V), where thermal values are indicated by 
the subscript th: 
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ав = Моша о м Соо) 290) „, 


at v dt 


афо) 
vat 


E М(оһФа) dv = NownVinpo(v)dv ^ (10.29) 
In this case p» (v)dv is the number of neutrons per unit volume with speeds 
between v and v + dv. Thus 


Fa = N(otnVtn) | po(v)dv = Nn, aua. (10.39) 


where the integral represents the total number of neutrons per unit volume. 71 
the number of target nuclei N and the number of neutrons per unit volume 
n, can be stipulated for a given experimental situation, the sample activity 
can be estimated using Equations 10.28, 10.29, and 10.30. Of course, resonance 
а has been neglected in these equations. 


10.7 Problems 


1. Identify the neutron-initiated absorption reaction that m the largest 
` part of the kerma per fluence at low neutron energies (<1 MeV) in tissue. 
2. Is the use of water as a tissue-equivalent material justified for neutron beam 

. dosimetry at all energies? 

3. Compute the energies of M-shell Doer electrons emitted after formation 
of K-shell vacancies in calcium and oxygen atoms. Use the energy values 

· given in Appendix 4 and ignore shells above M. 

4. A beam of neutrons from a beryllium target produced by 24-MeV deuterons 
is incident on issue. Estimate the depth for the charged-particle (proton) 
buildup maximum. Use data from Appendix 6 and the spectrum from Figure 
10.17. Compare with values from Table 10.1 for similar beams. 

5. Why do ion chambers, used for measurements on 9? Co beams, have 0.4- 
to 0.5-cm walls? 

6. a. A narrow beam of 1-MeV photons with fluence 10°/m? is incident on 

a tissue absorber. What is the kerma in grays at the surface? 
b. A narrow beam of 1-MeV neutrons of fluence 10!°/m? is incident on a 
_ tissue absorber. What is the kerma in grays at the surface? 

7. Express А; and Cmax in Equation 10.14 in terms of w, E, Ата» and pV. 

8. Using the information given below for 9™Tc, calculate the. gamma- and 
x-ray dose rate to a 40-g thyroid if 1 mCi of за Те is uniformly distributed 


therein. 
Е (MeV) Aig: rads/(pCi-h)] dar 
| 

Gamma 1 É 0.0021. - 0.000 . 0.974 
Gamma 2 0.1405 0.263 0.029 
Gamma 3 0.1426 : 0.000 0.029 
Kai 0.0183 : 0.002 3. 0.479 
KS 0.0182 0.001 7 0.480 


D 


14. 


15. 


16. 


17. 
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Using Figures 10.10 and 10.11, estimate the transmission of bremsstrahlung 
beams of end-point energy 2 MeV and 20 MeV through a 36 in. concrete 
wall. Repeat the process for neutron beams of energy 2 MeV and 14 MeV 
(with and without secondary photon contribution). 

What concrete wall thickness (p = 2.35 g/cm?) is necessary to reduce the 

kerma from a 6-MV bremsstrahlung beam to 10-8 of the incident value? 

The linear attenuation coefficient for Со radiation in water is 6.5 m=. 

і. Calculate the dose at points at depths 0.01 m, 0.05 m, 0.1 m, and 0.2 
m along the central axis for F of 0.8 m. Assume the maximum dose is 
100 rad. Ignore scatter. 

b. Compare your calculations with the measured values in Appendix 11 
for a 10 X 10-cm field. Calculate the dose attributable to scatter and 
the buildup factor at each depth. 

“xpress the tissue-air ratio in terms of the percent depth dose using Equations 

10.23 and 10.24. Calculate the tissue-air ratio at a depth of 10 cm for a 

"Со beam with dimension 10 X 10 cm at the surface. Use the percent 

depth-dose values from Appendix 11. 

· Determine the treatment time necessary to deliver a dose of 2 Gy to a 
tumor 8 cm below the surface for a 9?Co beam with surface dimensions 
10 X 10 cm. Use percent depth-dose data from Appendix 11 and a dose 
rate at the maximum of 100 rads/min to a small mass of tissue. 

Using an exponential probability of interaction for radiation in an absorber, 
calculate the probability for an interaction occurring between depth а, and 
d». Are small distance intervals more likely than large distance intervals? 
Why? | Ди 
When $9Co is produced by irradiation of УСо in a reactor, the irradiation 
time for the sample-may be only 1 yr. What fraction of the maximum 
possible activity is obtained in this time? 

For a steady irradiation, how many half-life times must elapse before the 
induced sample activity is 87.5% of the maximum activity? | 
Use Equations 10.26 and 10.28 to calculate the fraction of sample nuclei 
converted from Са to !!*Cd after a l-h thermal neutron irradiation with 


thermal fluence rate 10712 neutrons/(cm? > s). 
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11.1 Introduction 


In earlier chapters, processes initiated by fast charged particles and photons 
and neutrons have been discussed in some detail. In many cases in these chapters, 
emphasis was given to changes produced in the properties of the particles in 
à beam. Less.discussion was aimed at the effect of the transferred energy in 
altering the properties of the atomic and molecular constituents of the absorbing 
medium. In this chapter and those to follow, the emphasis will shift to specific 
effects on the irradiated medium. For example, consideration will be given to 
the spectrum of liberated charge carriers and to perturbations of the atomic 
and molecular absorbing systems. De-excitation processes in the absorbing atoms 
and the division of the energy between constituents in the medium will also 
be considered. Insofar as possible, the discussions are designed to give back- 
ground information about phenomena that can be applied to dosimetric or imag- 
ing devices, or those that have biological significance. 

The sequence of topics to follow begins with phenomena in irradiated 
gaseous systems (present chapter), proceeds to solid systems (Chapter 12), and 
follows with effects in liquids and molecular solutions (Chapter 13). The final 
chapter, on radiation effects on living systems, follows (Chapter 14) because 
cells can be viewed as highly organized molecular solutions. | 

The measurement of radiation fluences or doses in an absorbing medium 
is a basic problem, encountered whenever radiation is utilized. The measurement 
process may require insertion of a device, often called a dosimeter, into the 
medium in the radiation field. The quantity measured by the device is assumed 
to be proportional to one of the basic radiation quantities. An ionization chamber 
is a common example of such a measuring device. Since the active volume of 
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the chamber is a gas-filled cavity, a discussion of the basic radiation-induced 
phenomena in a gas-filled chamber is appropriate in this chapter. | 

When a directly ionizing beam is used, the ions produced in a gaseous 
cavity are due to both primary charged particles and secondary electrons passing 
through the cavity. When an indirectly ionizing beam is used, the ionizatio 
generated is due mainly to the secondary charged particles liberated either in 
a surrounding medium or in the cavity chamber walls. | 

Suppose о%(Т) is the cross section for ionization induced by charged 
particles with kinetic energy Т in a gaseous material. The ionization probabilit: 
P; per gaseous molecule in the cavity is given by 


Tmax 
в = | оч(Т)фФ(Т)аТ апл) 
Ер 


where Ф(Т)аТ represents the fluence of charged particles with energy between 
T and T + dT, and Ер is the energy equivalent of the ionization potential. 
Because Equation 11.1 is quite general, it serves to emphasize that the ionization 
produced depends on the energy spectrum of charged particles involved as well 
as the properties of the absorbing atoms. 

Because the charged-particle energy distribution is directly involved, a 
discussion of electron spectra in irradiated media will be given in Section 11.2. 
In Section 11.3 the magnitude of the charges and currents liberated in a gas- 
filled volume will be considered. A general theory for cavity response will be 
given in Section 11.4, and in Section 11.5 the discussion will center, around: 
the response of some ion chamber systems. | 


11.2 Electron Spectra in Irradiated Media 


A variety of processes that -liberate atomic electrons have been mentioned in 
preceding chapters. In Chapters 5 and 10 some consideration was given to 
the properties of the charged particles liberated by indirectly ionizing beams 
and to the charged-particle buildup under an air-medium interface. In this section 
we will discuss the energy spectrum of the electrons present in an absorber 
under irradiation. A procedure for calculating the equilibrium spectrum of de- 
graded primary and secondary electrons will be outlined as a first step. Some 
spectra will be provided in the figures, including illustrations of the effects of 
energy degradation of primary components and of secondaries. 

Fano (1) and Spencer and Fano (2) and Spencer and Attix (3) have devel- 
oped analytical procedures that can be used to calculate the equilibrium electron. 
spectrum that occurs when source electrons are degraded in a medium. Depen-: 
dence on spatial variables was not involved since the radiation field was assumed 
to be uniform in a homogeneous medium of substantial extent. A simplified 
method of computing the electron spectrum in uniformly irradiated media was 
developed by Birkhoff et al. (4, 5), under the condition that the energy lost 
by electrons due to bremsstrahlung emission is small compared to collisional 
energy losses. In this method the spectrum of electrons being degraded is explic- 
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Шу divided into two components, one for source electrons and the other for 
atomic electrons ejected during ionizing collisions in the medium. An outline 
of this analytical technique will be given in the following paragraphs. 

Consider first the equilibrium spectrum of degraded source electrons in 
an irradiated medium. If the source is a negative beta emitter, the initial spectrum 
function, sn, (T")dT', represents the number of beta particles released per unit 
volume with energies between T" and Т” + АТ” and the subscript s refers to 
the source. If the electrons are produced by photon beams, the source electron 
spectrum is the sum of the photoelectron, Compton electron, and pair production 
eiectron spectrum components liberated during these interactions. In any case, 
it is assumed that the source electrons lose energy in a continuous manner in 
the process of slowing down in the medium. 

Suppose that Ф(Т)аТ represents the equilibrium degradation fluence with 
electron energy between T and T + dT. The average energy per unit volume 
lost by equilibrium electrons with kinetic energy between 7 and T + dT is 
given by 


(dE,) = 6(T)dT((—dT/dx)c) = €(D)S (ТЈаТ S 


where the function 5-(Т) is the stopping power for collisional loss. Since the 
density of electrons is assumed uniform throughout the homogeneous region 
surrounding the volume of interest, there is no spatial dependence in Equation 
11.2. During degradation the number of electrons passing through the interval 
between T and T + dT is equal to the integral of the source electron spectrum 
from T to Tmax. Thus, the average energy per unit volume deposited by electrons 
with energy in an infinitesimal interval is the product of the source electron 
density integral and the width of the energy interval: 


Tmax 
(dEy) = ar | sty(T')dT’ (11.3) 
T 


where 7” is an integration variable for kinetic energy. | 
| Elimination of (dEy) in Equations 11.2 and 11.3 gives 


| mex ae TdT” 
oD) =H 


(11.4) 
· Equation 11.4 shows that the equilibrium fluence of uniformly degraded source 
electrons with kinetic energy T is inversely proportional to the stopping power 
at T. This dependence is reasonable since electrons with large stopping powers 
are less likely to be in a fixed energy acceptance interval than those with small 
stopping powers. 
Equation 11.4 does not provide for contributions from atomic electrons 
ejected from atoms in ionizing coulomb collisions. Although the average energy 
loss per ion pair is small, in a substantial number of collisions, relatively large 
energy losses occur with large amounts of energy transferred to the atomic 
electrons involved. Because two electrons cannot be distinguished a priori, the 
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electron emerging from the collision site with the larger kinetic energy is assumed 
to be the primary, and the electron with the smaller energy is assumed to be 
the ejected atomic electron. According to this convention, the maximum energy 
- ‘transferred by an electron of energy T" is Т'/2. 

The probability per unit pathlength that an electron of energy Т” transfers 
energy between E and E + dE to an atomic electron is given by ny[do(T', E)/ 
dE|\dE where п, = Na(Z/Mm)p is the number of atomic electrons per unit 
volume. A complete expression for do(T',E)/dE can be obtained from the 
relativistic Móller cross section, given in Equation 3.1. In this case the immediate 
aim is to calculate the number of electrons ejected with energy greater than 
T because of collisions with source electrons of energy T". If K(T', T) is the 
probability per unit path length that a secondary electron with energy in the 
interval from Emin to Emax is set free by a source electron of energy 7”, then 


Emax dg (T', E) dE 


K(T', T) = NA(Z/Ma)p | = 


Emin 


Emin=T, Emax = T'/2 (11.5) 
| The total number of ejected electrons per unit volume with energy greater 

than Т is obtained by multiplying К(Т,Т) by the fluence of electrons with 
energy between Т” and Т” + dT" and integrating over all possible values of 
T' from 2T to the maximum value in the spectrum, Tmax. Thus; the spectrum 
of ejected electrons (per unit volume) before their degradation is given by 


Tmax : : 
| Exod $(7)K(T, T)aT (11.6) 


The lower limit is 2T in the integral because electrons with smaller energies 
are considered to be the ejected electrons. Equation 11.6 must be set equal to 
zero for T > Tmax/2. If this is not done, source electrons would be added to 
the numbers of ejected electrons. | 

' The final expression for the total electron fluence between Т and T + 
dT is obtained by adding the ejected electron contribution to the expression 
for source electrons in Equation 11.3. The analog of Equation 11.4 for the 
total spectrum is | 


Ф(Т)ат = [S(T]! | | M sn (T)dT' + | өні KTKT, TAT | dT (11.7) 


This equation can be used in calculations if the integrals are approximated by 
finite sums and calculations proceed from intervals at large Т to those at small 
T. When T is nearly as large as Tmax, the fluence contains contributions from 
source electrons only, as obtained from the first term in the brackets, since 
the second term is set equal to zero. Ejected electron fluences at energies 
T < Tmax/2 can be obtained by substituting high-energy $(1)aT' values ob- 
tained from prior source term calculations into the. second integral in the 
brackets. . 2 ады | 
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Figure 11.4 The logarithm of the equilibrium fluence for 2-MeV source 
electrons uniformly degraded in aluminum is shown as a function of energy 


(2). 


In Equation 11.7 the overriding energy dependence at high kinetic energy 
is directly related to [S.(T)] !, which in turn is approximately proportional 
to (т/с)? = 82. Thus, the equilibrium fluence from a monoenergetic source is 
expected to be nearly constant at relativistic energies with v = с. It will decrease 
with decreasing energy when ‘T < mc? and finally increase with decreasing 
energy when the number of ejected electrons becomes important. Figure 11.1 
shows the degradation spectrum in aluminum for а 2-MeV monoenergetic elec- 
tron source (2) under uniform irradiation conditions. Notice that the curve 
labeled primary on this figure follows the reciprocal of the stopping power as 
described above. The contribution from the ejected electrons becomes appreciable 
at energies below about 500 keV, and the two curves diverge at this point. 
The bremsstrahlung process has little effect on the spectrum for low atomic 
number materials at these energies and can be ignored. If the absorber atomic 
number or electron energy is large, the effect of bremsstrahlung must be included 
(2). 

Figure 11.2 shows a comparison between the beta spectrum from 32Р 
and the spectrum that results (4) from uniform degradation of beta-source elec- 
trons, including.contributions from ejected atomic electrons. Notice that the 
average electron energy is shifted to smaller values in the degradation process, 
as would be expected. The ejected electrons dominate in the spectrum below 
about 40 keV. | | 

Equation 11.7 has been used to calculate the electron fluence per unit 
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degradation spectrum. 


beta spectrum 


RELATIVE ELECTRON FLUENCE 


0.5 1,0 is 
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Figure 11.2 A ??P beta-emission spectrum and the spectrum of ??P electrons uniformly 
degraded in Bakelite are shown. The curves have been normalized so that the'areas 
are equal. Adapted from Ref. 4. 


energy (6,7). The results agree well with experimental results above 10 keV 
for uniformly embedded beta sources. Below 10 keV the stopping power expres- 
sions available are usually not sufficiently accurate. Furthermore, contributions 
to the electron spectrum from collisions with inner-shell electrons and the result- 
ing Auger electron cascades must be considered (8) at lower energies. An experi- 
mental electron spectrum obtained with !98Au beta rays embedded in aluminum 
is compared with the calculated curve in Figure 11.3. 

Direct applications of the calculation scheme outlined in the preceding 
part of this section are somewhat restricted because of the assumption of radiation 
uniformity. In practical situations, external unidirectional photon beams are 
often employed. The radiation is not uniform in these situations, because source 
electron velocity components along the direction of incidence dominate. Further- 
more, the beam is attenuated as the depth increases. - 

Figure 11.4 shows an experimental electron degradation spectrum pro- 
duced by a narrow beam of 9?Co photons incident on a flat piece of aluminum 
(9). The thickness of aluminum used to obtain this spectrum was sufficient 
for complete charged-particle buildup. Notice that the maximum kinetic energy 
of the electrons was 1.12 MeV, the energy of the Compton edge electron from 
| the 1.33-MeV photon. The step at 0.95 MeV is due to. the Compton edge of 
the 1.17-MeV ©Co photon. The onset of dominance of the ejected atomic elec- 
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experimental 


Figure 11.3 The 
electron spectrum for 
198Д џ beta particles 
under uniform 
degradation in aluminum 
is shown (6). 
Experimental results 
show an excess of low- 
energy electrons. Energy 
is referenced to the 

10? 10° 10* 10° 10° bottom of the conduction 


ELECTRON ENERGY (eV) band on the abscissa. 


LOGARITHM OF ELECTRON FLUENCE 


theoretical 


trons occurred below 100 keV, as indicated by the minimum on the figure. 
Narrow-beam equilibrium electron spectra produced by photon beams from 
radionuclides other than 9?Co have been measured (10) and have a gross shape 
similar to that on Figure 11.3. 

The equilibrium electron spectrum calculated with Equation 11.7 by assum- 
ing Compton interactions of 9?Co photons in aluminum is also shown on Figure 
11.4 for comparison. Notice that the average energy of the calculated uniform 
fluence spectrum is considerably smaller than the average energy of the narrow- 
beam emission spectrum. A deficit of low-energy electrons scattered at large 
angles is apparent in the spectrum from the narrow unidirectional beam. This 
difference is related to the fact that low-energy Compton electrons are ejected 
at large angles with respect to the incident photon direction. The narrow-beam 
result is unlikely to include many of these electrons. 

Although forward-directed electrons are the most prevalent at high ener- 
gies, some electrons are ejected from a surface at angles between 90° and 180° 
from the incident beam direction. At small photon energies, these would include 
photoelectrons emitted at large angles; at larger energies, where Compton interac- 
tions dominate, backward emission occurs because of multiple scattering of 
the newly ejected electrons. The ratio of the backward electron emission current 
to the forward emission current is about 0.04 for aluminum and carbon targets 
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Figure 11.4 The measured electron emission spectrum from aluminum, induced bya 
narrow beam of 9?Co gamma rays, has relatively more high-energy electrons than the 
spectrum calculated for uniform degradation (9). The curves have been normalized so 
that the areas are equal. 


when ®Co photons are used (11). It is much larger when high atomic number 
materials are used (12). The average energy of the backward-directed electrons 
is considerably smaller than the average energy of the forward electrons. 

Involved calculation techniques are often needed to calculate spectra for 
· nonuniform and nonequilibrium irradiations. Figures 11.5 and 11.6 give calcu- 
lated spectra for electron beams in water. Figure 11.5 shows the energy spectrum 
at depth 3.3 cm from a 10-MeV monoenergetic beam (13); notice that the distri- 
bution has a substantial degraded tail partially due to ejected atomic electrons. 
Figure 11.6 shows the electron fluence rate for a 20-MeV beam in a water 
absorber. Notice the substantial numbers of ejected electrons that contribute 
in depth (14). 


11.3 Ion Production in Gaseous Absorbers 


In this section, equations will be developed to describe the amount of charge 
liberated in a gaseous absorber. Simple expressions will be given for charge 
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Figure 11.5 The 
electron spectrum 
generated by a 10-MeV 

. electron beam at depth 

1 2 3 4 3.3 cm in water is shown 
ELECTRON ENERGY (меу) (13). 


densities and current densities. The aim of the section is to provide background 
information necessary for understanding charge production phenomena in ion 
chambers (15, 16). , 

Recall that an atom or molecule is said to be ionized when one or more 
of the orbital electrons has been removed. If an atom or molecule is excited, 
the energy of the system is increased above the ground-state value, but no 
charge is removed. The energy equivalent of the ionization potential, Er, 15 
the minimum energy required to remove an electron. Experimental values of 
E were given for various molecules in Table 1.1. 

W, the average energy expended per ion pair produced, is the quotient 
of the kinetic energy Т of a directly ionizing particle by the mean number of 
ion pairs, Nip, formed when the particle is completely stopped in a gas (17): 


И = Т/М, (11.8) 


It is assumed that Nip is the ion pair number prior to any charge recombination. 
If the molecular targets are subjected to a charged-particle fluence with 
spectrum function Ф(Т)4Т, the value of Ni, is given by 
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primary 


Figure 11.6 The 
electron fluence for a 20- 
MeV beam in water 
shows a considerable 
contribution from 
secondaries (14). . 
Adapted from J. S. 
Laughlin, “Electron 
` Beams,” in Radiation 
x Dosimetry, Моћ. ІШ, 

E. | "edited by F. H. Attix and 
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P RELATIVE DEPTH Press, New York, 1969). 


ELECTRON FLUENCE 


secondary 


f 


Tmax ; | Tmax 
Nip = њу | оч(Т)Ф(Т”)аТ' = пару | о((ТуФТуат (19) 
Етр Етр T 


Неге ny = пар is the number of molecules per unit volume, where nm is the 
number of molecules per unit mass, and p is the density. The volume of gas 
irradiated is V, and с; (Т) is the ionization cross section per atom of gas expressed 
as a function of kinetic energy of the incident particles. The assumption that 
the fluence is uniform throughout the volume is implicit in Equation 11.9. If 
E is the total energy absorbed from the charged-particle beam, then | 


тыл ы,” “шек ғар (11.10) 


Ттах 
3m | e (T)ó(T)dT" 
Ер 


The value of W is independent of charged particle kinetic energy for a 
given material, except when the particle speed approaches the speed of the 
electrons in the target atoms. At that point, W rises sharply (18). Figure 11.7 
shows a plot of Nip versus Т for an electron (19, 20). The line on that figure | 
has the form 
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Nip =(T — То/С = Т/Ж, W-TG/T—To)7G/(0—TwyT) (11) 


where С; is the reciprocal of the slope and То is the intercept on the energy 
axis. То is slightly smaller than the energy equivalent of the ionization potential, 
as is shown on the figure. | 

Table 11.1 shows а list of experimental values for W (18, 20). The values 
for air and the tissue-equivalent material are especially important. Generally, 
all values are in the range from 25 to 40 eV/ion pair. One should notice that 
· experimental W values for protons and for alpha particles are generally greater 
than those for electrons and photons. This difference may be partially due to 
recombination along the particle track, since the ionization density is large 
along a heavy ion track. 

The phrase “average energy per ion pair" can be misleading since energy 
lost in excitation processes is included, although only ion pairs are explicitly 
counted. Suppose Nex is the average number of excitations produced and «ех 
is the average excitation energy. If ер is the average energy expended in produc- 
tion of a positive ion and е-е is the average kinetic energy of the subexcitation 
electrons, then 


T = Nip(€pi + €se) + Nex€ex, 
И = Т/ Мр = єр + Ese + (Nex/ №ь)Єех .. i | (11.12) 


Nip («109 


‚50 |. 100 150 200 


T(eV) | 
Figure 11.7 For kinetic energies well above the ionization threshold, the 
‘number of ion pairs, Nip; produced is proportional to the kinetic energy 
dissipated (19). 
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Table 11.1 Average Energy per Ion Pair 


; Electrons Neutrons 
Gas and 1— 14 Protons a Particles 
Photons MeV 

Air 33.8 35.2 35.1 
Argon 26.4 | 26.7 : 26.4 
№, 34.8 i 36.7 36.4 
TE? 28.1 31.0 30.0 30.0 
Water 29.6 37.6 


Data from Refs. 18 and 20. 
? Tissue-equivalent material. 


Of course, electrons liberated in an ionization process with substantial kinetic 
energy will themselves induce further ionization and excitation until they are 
degraded to the subexcitation level. Subexcitation electrons cannot ionize or 
cause electronic excitation but may lose energy in other processes POOR colli- 
sions (21). 

Generally, ері is larger than the ionization potential; ері = Ey + А. The 
reason is that ionization processes do not always occur from valence states: 
More tightly bound electrons may be expelled, and the resulting ions are left 
in excited configurations. In this circumstance, A is the average excitation energy 
of the residual positive ions. In addition, multiple ionizations are possible, 50 
doubly charged ions may be produced in a single process. Estimates of the 

double-to-single ratio (22) are usually less than 0.1, however. / 
| In general, the average excitation energy €ex includes contributions from 
several different excited states. Table 11.2 gives the relative frequency of various 
collision processes for electrons in atomic hydrogen (23). Notice that excitation 
events occur more often than ionizations but that the excitation probability 
decreases with increasing excitation energy. 

The average energy per ion pair is found to be directly related to the 
energy equivalent of the ionization potential Ер. This dependence is suggested 
from Equations 11.12 because of the influence of ер, a substantial part of W. 
In fact, one can use the approximations (18, 20) 


Table 11.2 Percentage of Various Collision Processes in Atomic Hydrogen 
———— O OO ee MA ow "т __ 


% of Collisions 


Collision Type T= 1 keV , T-—1MeV 
Excitation to first excited state 43 50 
Excitation to second excited state  . 6 8 
Excitation to higher excited state 6 6 
Ionization 36 32 
Elastic process 9 | 4 


CALL ee eee АЕ И ПР 
Data from Ref. 23. 
T, Electron energy. 
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noble gases: W = 1.7 Ер, W/Ey = 1.7, 
molecular gases: W == 1.7 Ei +10, ^ W/Ey = 2.3 (11.13) 


The increase іп the W/E ratio for molecular gases can be identified 
with an increased frequency of excitations. A possible reason for the different 
W values for molecular gases and noble gases is that noble gases generally 
have fewer low-energy excited states available for transitions than the molecular 
gases. Transitions in the closed-shell systems require substantial energy when 
compared to the energy transitions of valence electrons. 

Another possible reason for different W values involves the favored forma- 
tion of excimers in noble gases. Excimers are excited dimeric species with a 
repulsive ground state. A reaction for excimers is (21) 


R+R*—> R*> К+ е (11.14) 


where the asterisk indicates an excited configuration of the noble gas atom R 
and the dimer Rz. The reaction of Equation 11.14 tends to increase the total 
ionization at the expense of excitation energy and to lower the ratio W/Ep. 

Platzman has made numerical estimates (24) of the quantities in Equation 
11.12 for the case of helium gas: 


W = epi + € + (No / Мр) Eo = 1.06 Esp +0.31 Erp + (0.40)(0.85) Eso, 
1.37 Ep + 0.34 Ер = 1.71 Ер = 42.1 eV ! (11.15) 


Thus, for helium, at least, the positive ion energy is expected to be slightly 
greater than the ionization potential. Furthermore, subexcitation electron energy 
is substantial, and the average excitation energy is large: Ес, = 0.85 Ер. Excita- 
tion events occur much less frequently than ionization events for noble gases 
since Nex/N; = 0.40. For a molecular gas, the excitation-to-ionization ratio 
might be one or larger (see Table 11.2). 

If a volume of gas, V, of density p absorbs energy E to produce a uniform 
dose D throughout, then 


(11.16) 


where Q is the total charge of one sign on ions produced by the radiation. 
Equations 11.16 shows that the number of ion pairs per unit volume produced 
in a gaseous absorber is proportional to the dose. Recombination of any of 
` the ions is neglected in this equation. Here Nip refers to the number of ion - 
pairs produced rather than the number that can be collected at an electrode. 

The last equation in Equations 11.16 indicates that the charge produced 
per unit volume is proportional to the density of the gas. Assuming that. the 
system behaves like a perfect gas (25), 


рУ- МКТ, p= ao EI : (11.17) 
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where N is the number of molecules contained in volume V at pressure p 
and absolute temperature T°. The value k is the Boltzmann constant, and M 
is the mass per gas molecule. From Equations 11.16 and 11.17 it is evident 
that the charge produced in a chamber open to the atmosphere is directly propor- 
tional to the pressure and inversely proportional to the temperature of the air 
in the chamber. 

Suppose electrodes are put inside the gas-filled volume, an electric field 
is applied, and the charge liberated by the radiation is collected. In this case 
the positive ions and electrons collected at the electrodes and the positive ions 
and electrons that recombine both serve to decrease the equilibrium charged- 
particle density in the gaseous volume. Suppose P, is the ion pair production 
rate per unit volume due to radiation, eTe is the mean electron lifetime in the 
gas because of collection at the electrodes, and ет, is the mean electron lifetime 
because of recombination. From Equations 11.16 


ets 


n 2 
Ep fae ee (11.18) 


Р, = 
1 - dt eTr eTe 


. Here en, is the instantaneous electron density in the gas. A similar equation 
involving inv, the number of positive ions per unit volume, could also be written, 
but a different value of т. would be required. 

In fact, the equation describing the liberated electron density will be further 
complicated when some of the electrons attach to neutral gaseous molecules 
prior to charge collection. The negative ions formed in this manner have their 
own characteristic collection times, which are generally longer than ете. Further- 
more, the possibility that charge multiplication might occur has been ignored 
in Equation 11.18. High-energy transfer collisions between the electrons and 


neutral molecules can cause release of additional electrons and an increase in 


charge density. Equation 11.18 holds only when the applied electric field is 
below the value necessary for charge multiplication. 

With the help of Figure 11.8, a simple expression for eT, can be obtained. 
Suppose that initial recombination along a charged-particle track can be ne- 
glected and assume that further recombination events are random processes 
that occur whenever an electron passes the neighborhood of a positive ion. If 
the effective ion pair recombination cross section is бір, an electron with speed 


te Kp ------ 


2397775: 


ЊУ 11.8 The ze of an electron with speed v through a gaseous absorber is depicted. 
The magnitude of the cross section for ion pair recombination is labeled o; the circles 
represent positive ions distributed randomly around the electron path. 
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Ve can be assumed to sweep out an effective recombination volume (0,)о in 
one second. The product ;7/(ve)a gives the number of positive ions that are 
in the sweeping volume in a second. If the electron speed is much greater 
than the positive ion speed, ve > v;, and if each collision produces recombination, 
this product is equivalent to the recombination probability per second. The 
mean lifetime for recombination is the reciprocal of the recombination probability 
per second: | 


1 
| — = ih (Ve) Cin (11.19) 
eTr \ 
Substituting Equation 11.19 in the right-hand side of Equations 11.18 
yields | " | 


| d (eny) e еп 


Ny 
P e 
dt 


-—- (ento itty (Ve) Oip = Ву < ал (епу јато) (11.20) 
eTc i eTe 

where а, can be called the ion pair recombination coefficient. The last term 
in Equation 11.20 shows that recombination loss is related to the product of 
the electron density and the ion density. Thus, recombination becomes more 
important when dose rates are very high. For air, a; is about 10713 to 10-16 
m?/s when the electrons themselves are charge carriers. When the electrons 
attach to neutral atoms to form negative ions, а = 10722 m3/s (16). The slower 
negative ions recombine more readily. 

Equation 11.20 can be simplified by neglecting the recombination term 
when et; > сте. Under this assumption, for an equilibrium electron density 
and a steady beam, 


Mle) = s еше (ан nie Ber [49] an 
When recombination is negligible, the equilibrium value of the electron density 
is proportional to the first power of the dose rate. If recombination can not 
be neglected, the equilibrium electron density is proportional to a fractional 
power (less than one) of the dose rate. 

The basic equation describing the movement of charged particles i in a 
gaseous medium under the influence of an electric field involves the drift velocity ` 
o. If J is the current density іп amperes per square meter and -ten, is the 
charge density in coulombs per cubic meter, 


Ј= J; + Je = efin )oi — е(спојее (11.22) | 


where subscript i or e stands for positive ions or electrons, тера Diffusion 
contributions and electron attachment have been ignored in Equation 11.22. 

The drift velocity ` ‘for positive and negative ions can be linearly related 
to the ionic mobility џ, the electric field E and inversely related to the gas 
pressure р: 


E 
= — 72000523) 
(и) р | 
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Table 11.3 Drift Mobilities of Positive and Negative Ions ^ 
Ал ab Бенита лтты о 2500901011 по ee дина 
(m/sec): (mmHg): CV/m)1 


Carbon 
Gas Air Argon f- . Dioxide 
pt 0.107 | 0.104 0.060 
[у= ; 0.135 0.129 0.072 


———————————————————————ÀÀ 


Some values for drift mobilities (16) are given in Table 11.3 for positive and 
negative ions. The drift velocity for electrons is a function of E/p, although 
it is not always linearly related to that quantity. Figure 11.9 shows the functional 
relationship (26) for electrons in argon. It is not unusual for the electron drift 
Speed to approach a limiting value of about 10* to 105 m/s (16), even when 
the electric field is increased further. 

Equations 11.21 and 11.22 can be used to ы an expression for the 
total current density in terms of the dose rate: 


J = ер [Oili те) + ое(етс)] 


ог (Те) + ог (сте) (а р/а: NE 
= aig; enero) ета) аруа) | 

where iTe and eTe stand for the mean collection times for the positive ions 
and electrons, respectively. Equation 11.24 holds for the steady-state situation, 
When diffusion and recombination are negligible. 


argon and 0.2% N 
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Figure 11.9 The magnitude of the electron drift velocity is shown as a function of 
the electric field per unit pressure (E/p) for argon (26). 
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11.4 Cavity-Dose Relationships - 


As was mentioned previously, one usually measures the dose in an irradiated 
medium using the response of a device inserted in the medium. Generally, the 
device has somewhat different properties for absorption of radiation than the 
medium itself... Thus, the actual measured quantity must be corrected to give 
the dose that would have been present if the dosimeter had not perturbed the 
system. 

If the measuring device is filled with gas and is placed in a solid or liquid 
medium, it is commonly called a cavity. Whether the device is gaseous, liquid, 
or solid, it represents a discontinuity in the physical properties of the medium 
under irradiation and can be considered a cavity in that sense. Examples of 
cavity dosimeters for the gaseous, liquid, and solid categories are ion chambers, 
Fricke dosimeters, and thermoluminescent dosimeters, respectively. The theory 
dealing with the relationship between dose measurements made with gaseous, 
liquid, or solid devices and the dose in the surrounding medium is generally 
called cavity theory (3, 27, 28). 

In the following paragraphs, a simplified cavity theory will be presented. . 
Irradiation with photons and electrons will be considered. The development 
leads to analytical expressions involving ratios of mass energy absorption coeffi- 
cients for photons in the cavity and in the medium, as well as ratios of mass 
stopping powers for electrons in the cavity and in the medium. The expressions 
that result could be applied to measurements with neutron beams if appropriate 
energy absorption coefficients and stopping powers for released ions were utilized. 

Тһе theory i is, most easily understood if all possible cavities are divided 
into three "M according to relative size: large, intermediate, and small. 
The cavity size is of great importance for measurements in indirectly ionizing 
radiation beams, where the liberated charged secondaries distribute nearly all 
of the dose. In this case one can compare the effective cavity diameter 1 with 
the average range (R) of the charged particles produced in the cavity material. 
The categories are defined by: 


1. large cavity, / > (К); 
2. intermediate cavity, / —(R); 
3. small cavity, 1 < (В). 


The situation is illustrated in Figure 11.10. In a large cavity, the dose is 
deposited locally by secondary charged particles that are released in the cavity. 
. Comparatively little energy is deposited by secondaries liberated in the medium 
that pass into the ‘cavity. For a small cavity, the bulk of the dose is from 
secondaries generated in the medium that cross the cavity. Relatively few charged 
secondaries are generated in the cavity itself, and they deposit little energy. 

. In Table 11.4 the dimensions of some practical dosimeters can be compared 
to the ranges of electrons (29) produced by photon beams. Appropriate size 
categories can be identified. For example, an air-filled ionization chamber with 
a diameter of approximately one.centimeter is a small cavity for photon beams 
with an average energy above 300 keV, since the electron range in air is much 
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Figure 11.10 A large cavity and a small cavity are illustrated. The electron 
range, indicated by the arrows, should be compared to the cavity diameter. 


larger than the air-cavity dimensions. The relatively low density of air is the 
determining factor in this classification. On the other hand, a solid dosimeter 
with effective diameter of about 1 cm must be considered a large ‘cavity for 
all low-energy photon beams because of the relatively large mass; density and 
resulting small charged-particle range. / 

Consider first the case of a large cavity with dimensions much ЖО, 
than the average range of the electrons in the cavity material. Because of the 
large size, interchange in energy between the cavity and the medium is neglected, 
and the cavity dose is ascribed to photons селе in the cavity. Using Equa- 
tions 5.8 and 5.17, | 


К = Еф(џь/р) = Еф qu Г (11.25) 


where К is the kerma, E is the energy of the indirectly i ionizing particle, and 
ф is the monoenergetic fluence of such particles. The factor g is the fraction 
of the energy of the secondary electrons that is radiated. 


Table 114 Ranges of Electrons Produced by Photons 


. Photon Maximum Compton Maximum Range Maximum Range 
Energy (MeV) Electron Energy (MeV) . in Air (m) in Water (cm) 
0.3 А 0.16 0.3 0.03 
1.0 0.80 2.9 0.33 
3.0 2.76 11.8 | 1.32 
10.0 9,75 39.3 4.76 


——————————————— ÉL 
Data from Ref. 29. 
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Suppose that the kerma-to-dose conversion ratio in the cavity is be. Then 


(шеп/ рус 
(ке g)c 


If the cavity were removed, the dose received by the medium in the same position 
would be given by 


De = Еф, (11.26) 


= (Hen/P)m 11.27 

m = ӨлЕфт ПЕШ (11.27) 

where bm is the kerma-to-dose conversion ratio for the medium т. Equation 

11.27 can be justified whether or not the electron range in the medium is 

smaller than the cavity dimensions. A sufficient condition is that an equilibrium 

in energy exchange occurs, so that as much energy is carried into the region 
of interest by radiation as is carried out. 

Dividing Equation 11.26 by Equation 11.27 gives 


бефе (1 — g)e (Hen/ р)с JA (Men/p)c 
һлФфт/(1— Әп (ша/ра "0 — (Men/p)m 


Acm the cavity-over-medium perturbation factor, is introduced to simplify the 
notation. If Аст is different from one, the effects of beam attenuation, bremsstrah- 
lung emission, or charged-particle buildup are different in the two materials 
considered. 

Equation 11.28 involves a ratio of mass energy absorption coefficients, 
and is well defined for monoenergetic beams. In most cases continuous spectrum 
beams are employed, so an average mass energy absorption coefficient ratio 
must be utilized. Then 


D= Din (11.28) 


= E(Wen/p)c фс(Е)аЕ 

(К.Дет = Vt МЕН жаны 
ғ 5. еп m Фт(Е dE, 
"um 5, Евора $n E) 


= (Кијст Dm 


In this equation Ф(Е ДЕ is the spectrum function for indirectly ionizing radiation 
and (Ry)em is the cavity-over-medium ratio for spectrum averaged dose values. 

For the case of a small cavity, the dimensions involved are much less 
than the average range of the secondary charged particles in the cavity material. 
Deposited energy is attributable to charged particles traversing the cavity mate- 
rial and is nearly independent of indirectly ionizing components absorbed in 
the cavity. As mentioned previously, ion chambers often qualify as small cavities. 

The response of ion chambers to photon beams has been considered by 
Bragg (30) and Gray (31, 32). The principle of equivalence as set forth by 
. Gray was an important step in understanding dose in a cavity. According to 
Gray, the energy lost per unit volume by electrons in a small gas-filled cavity 
is equal to the energy absorbed per unit volume from the radiation in the sur- 


\ 


(11.29) 


272 | Ionization and Excitation in Gaseous Svstems 


rounding medium multiplied by a constant factor. The factor was shown to 
be the ratio of the collisional loss stopping power in the cavity, (5), to the 
collisional loss stopping power in the medium, (5с). Then | 
(-АТ/АР)- Шш); (ДЕ/А Ију (11.30) 
(Se)m 
where —AT stands for the kinetic energy loss and AE for the energy absorbed. 
An important assumption implicit in Equation 11.30 is that the photon 
fluence is uniform in the region around the cavity. If the cavity were removed, 
an equilibrium in charged-particle energy exchange in thé region of interest is 
presupposed. Under these conditions it is not necessary that the charged-particle 
range in the medium be greater than the cavity dimensions. 
Incorporating mass density factors рс and pm in Equation 11.30 gives: 


(5 / p)c 
(Sc/p)m 


Suppose we assume that the energy loss —AT is equal to the energy absorbed 
AE in the cavity. A relationship between the doses follows immediately. How- 
ever, the assumption is implicit that the net effect of the exchange of secondary 
radiations such as bremsstrahlung and delta rays between the cavity and the 
medium is negligible (33). If the cavity and the medium produce similar secondar- 
ies in comparable amounts, their effects on energy deposition will be identical. 
However, atomic number differences might affect this balance, particularly as 
regards bremsstrahlung. Matching the two absorbers for effective atomic number 
is useful in an experimental situation. In general, the possibility of radiation 
fluence perturbations can be acknowledged with the use of a cavity perturbation 
factor Pem. Then for monoenergetic charged particles, Equation 11.31 can be 
written | 


(CAT/pA V), = (ДЕ/РА V)n — (1131) 


/ A, S/p)e _ 
/ Y = (Se Pc 
c — Pem ( 5. /p)n m 
. When indirectly ionizing beams are employed, the secondary charged parti- 
cles are never monoenergetic and the mass stopping power values must be aver- 


aged over the electron spectrum (34). The ratio of spectrum-averaged mass 
stopping powers is given by 


(11.32) 


| бал). $c(T)dT 
(Rs)em = 


> Da = (RADA (11.33) 
(Sc/p)m $m(T)dT | ! 


In this equation $(T)dT is the charged-particle spectrum function, and (Rs)em 
is the: cavity-over-medium ratio for Spectrum-averaged mass stopping powers. 

An intermediate-size cavity is one with dimensions comparable to the 
charged secondary average range. In this case photon absorption in the cavity 
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is appreciable and electron interchange between the cavity and the medium 
cannot be neglected. Neither Equations 11.29 nor Equations 11.33 are exactly 
applicable. The actual cavity dose can be considered to be a weighted sum of 
doses given by the two limiting conditions: 


D: = [d(Rs)om аға an d)(Ry)em)] Dm | (11.34) 


where d is the weighting factor such that d = 0 indicates the large-cavity 
· limit, and d = 1 indicates the small-cavity limit. The factor d is directly related 
to the average transmission of electrons through the cavity material. 

If the electron spectrum is similar to that from a negative beta source, 
the factor d can be estimated. Figure 4.4 shows that the transmission of a 
beta spectrum of electrons is аршочшчу ponen) (35) except at small 
values. Using Equations 4.8, 


` Ф/фо = ехр(—Врх), · В = 1.7/(Tmax)!4, 


РІ 
| | е-врх)ах zp- 
= же ee (11.35) 


1 
fa 
о 


where фо and ф are the incident and transmitted beta-particle fluence; /8 is 
the effective mass attenuation coefficient in square meters per kilogram; Tmax 
is the beta end-point energy in megaelectron volts; and the parameter / is the 
effective cavity diameter. Equation 11.34 has been applied to situations involving 
electron fluences generated by photon beams. However, one should recognize 
that the actual electron spectrum may differ appreciably from a beta шша 
(compare Figures 11.2 and 11.4) in-a practical situation. 


11.5 Топ Chamber Response 


Some algebraic relationships involving the dose at a point in a medium and 
the exposure at that point were given in Chapter 5. In this section, equations 
will be given that can be used to calculate water dose from the response of an . 
ion chamber irradiated in water. The development will utilize some of the rela- 
tionships given in the preceding section. | 

In the following paragraphs, two extreme cases will be discussed in detail: 
in the first case the walls (usually made of plastic) of the ion chamber will be 
treated as a large" cavity in the water; in the second case, the wall material 
will be treated as a small cavity in the water. In both cases the central air 
chamber encompassed by the walls will be represented as a small cavity in 
the plastic, and the electrode composition will be ignored. In the result the 
response to an arbitrary beam is related to its response in a 6°Co photon beam 
as a reference. This subject have been discussed previously (34, 36—38). 
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For the first case, the ion chamber measurement is assumed to be made 
in water at some depth using a photon beam characterized by hv. The beam 
may be monoenergetic or have a continuous spectrum. In the latter case hv 
-would be an average energy. Suppose the maximum range of the electrons set 
free by photon interactions is much smaller than the thickness of the plastic 
wall. Dy is the dose that would have been deposited in the water at the chamber 
position if the chamber had been removed. Рр is the dose in the: plastic cavity. 
Applying Equation 11.29, it is evident that 


Dp = (Ry)ps Dw (11.36) 


The subscript pw indicates that the ratio R, involves the averaged mass energy 
absorption coefficient for plastic divided by the averaged coefficient for water. 
The dose to the air cavity, Da, confined within the plastic walls of the 
ion chamber is given by | | 
33.8 | 
= = да ~ 11.37 
Da = (Rs)ap Dp = ba 442: Ха (11.37) 
Equation 11.33 and Equation 5.31 were used to obtain this relationship. The 
subscript ар on (Rs)ap indicates that the ratio involves the averaged mass stop- 
ping power in air divided by the value in plastic. Since the subscript a stands 
for a value measured in air, Ха is the exposure in coulombs per kilogram and 
b, is the kerma-to-dose conversion ratio for the air cavity. Combining Equations 
11.36 and 11.37 to eliminate D, gives 


PES. AM | 

[(Rs ap IICR 1) pi] 

К ba 33.8/1 — g)a 

[(Rs)ap [Rapo] 

The value Су defined in Equation 11.38 is the factor needed to calculate dose 

when measurements are made in water with ion chambers calibrated for exposure 
in air. 

As a second illustration, consider measurements in a high-energy beam 

(subscript hv) generating electrons with average range much greater than the 


thickness of the plastic walls of the ion chamber. In this case the dose in the 
air cavity can be related directly to the. dose in the water, Dy: 


Da = [CRs aw]av(Dw)nv (11.39) 


Suppose that a dose equal to Da is deposited іп the same air cavity by a Со 
beam and that the thickness of the ion chamber wall is sufficient to use the 
large cavity limit for Со photons: 


Dee 


КАСАХ | (11.38) 


Da - 
[(Rs)ap]col(Ry)pwlco 


= De s 
| (Do)nv x (Cr)nvXa = [GRÉ us v 


(Dw )co = (C3)co Xs = 


(11.40) 
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where the subscript Co stands for the 9?Co photon beam. Eliminating Da in 
Equations 11.40 allows identification of 


[CRs)ap ]co[CR p)pw]cot Coe 
[(Rs)aw]n v 


Equation 11.41 can be used to calculate the Су factor to convert ion 
chamber response to the dose in water when an ion chamber calibrated for 
use with 99Co is available. However, Equation 11.41 is only approximately correct 
in many practical circumstances. Many ion chambers commonly available have 
walls with thickness characteristic of an intermediate cavity when used in 
bremsstrahlung beams of moderate energy. In this case a relationship utilizing 
Equation 11.34 would be more appropriate, in converting between the doses in 
the air chamber and the water. Several workers have evaluated С, for ion 
chambers calibrated with 99Co or equivalent beams (34, 37, 39, 40). Table 11.5 
shows recommended values (34). 

The calibration of electron beams in water by ion chambers is also of 
considerable significance. Fortunately, the small-cavity assumptions are often 
valid for high-energy electron beams. In this situation, one can relabel Equations 
11.40 for electron beams of energy 7: 


(Су, = (11.41) 


poe EAE 
(Du)es КЕ (Су )со-Ха m [RORIS pw leo 
| _ ©) | 
(ру, = (Cok [Rawle | кл 


The constant. Cg is the correction factor used when electron beam doses are 
measured with an ion chamber calibrated in а 99Co beam. One should note 
that the energy T' used as the subscript refers to the degraded electron energy 
at the depth of the chamber and not the energy of the beam incident on the 
surface. Equations 11.42 can be used to show that | 


= [(Rs Јар Јсо[ СК u)pwlco 
[(Rs)aw] 7 


Tables of Се values at various depths are available (36). 


(Сејт (Caco | (11.43) 


Table 11.5 Conversion Factor for Water C) 


Radiation 2 © Gy: (C/kg)! 52. rad/R 
S0 Co к 36.8 0.95 
5 МУ 36.4 0.94 
10 МУ 36.0 0.93 
15 MV B. 2857] 0.92 
25 МУ 34.9 0.90 
35 МУ 34.1 — 0.88 


Data from Ref. 34. 
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no polarization 


сбу •(С/Ко)- т] 


ргітагу апа = 
зесопдагу 


Ce (rads/Roentgen) 


«— primary 


WATER DEPTH (cm) 


Figure 11.11 The conversion factor Cz for ion chamber calibration of a 10-MeV electron 
beam incident on a water surface is shown as a function of depth (14). а! from 
N. D. Kessaris, Radiat. Res. 43, 288 (1970). 


Figure 11.11 shows some values of Се that have been calculated using 
the spectra like those shown on Figure 11.5. Notice that the major feature in 
the energy dependence of Cz is that its value decreases with increasing energy 
T. This is because the mass stopping power ratio indicated in the denominator 
of Equation 11.43 is changed because of the density effect. The mass stopping 
power for electrons in water is substantially reduced at high energies because 
of the density effect. The density effect is negligible for the air in the chamber. 
The line labeled no polarization on the figure shows that the mass stopping 
power ratio is nearly constant if the density effect is neglected. Note also that 
the dependence of Cz on depth is changed substantially when secondary electrons 
are included. 


11.6 Problems 


1. Suppose that the electron emission spectrum from a source has a constant 
value of 1/(cm? > keV) from 0 to 1 MeV and drops to zero immediately 
at higher energies. Plot the primary electron degradation spectrum from 
10 keV to 1 MeV for a spatially uniform source distribution in water. Use 
stopping power values at келган points from tables in Appendix 7. 

-Ignore secondaries. 
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2 


10. 


М. 


Suppose that the electron emission spectrum from a source is linear with 
an intercept on the number axis at 1/cm and an intercept on the energy 
axis at 1 MeV. Plot the primary electron degradation spectrum from 10 
keV to 1 MeV for a spatially uniform source distribution in water. Use 
stopping power values at representative points from tables in A Бр х ra 
Ignore secondaries. 


. In Problem 1, what is the maximum secondary electron energy? Why? 
. Suppose that the theoretical estimates of 


se = 0.31 Еүр 
ех = 0.85 Еүр 


for helium gas are also good approximations for argon for electron Ботбага- 
ment. What is the ratio of Nex/Nip for electrons in argon and what fraction 
of the total energy would be excitation energy under these assumptions? 
An ion chamber with a Со calibration factor in air of 1.045 at 22°C 
and 760 mm Hg gave a reading of 150 roentgens at 5 cm depth in water 
after a 1.5-min exposure using a 25-MV photon beam. The water temperature 
was 23°C and the chamber air pressure was 725 mm Hg. What was the 
dose rate in water at 5 cm depth in grays per minute? 

An ion chamber with a Со calibration factor in air of 0.965 at 22°C _ 
and 760 mm Hg gave a reading of 250 R at 3 cm depth in water after a 
2-min exposure using 10-MeV electrons incident on the water surface. The 
water temperature was 21°C and the chamber air pressure was 735 mm 
Hg. What was the dose rate in water at 3 cm depth in grays per minute? 


. An ion chamber with a Со calibration factor in air of 0.983 at 22°C 


and 760 mm Hg measured 285 R at 4 cm depth in water after a 3-min 
exposure when Co photons were incident on the water surface. The water 
temperature was 20°C and the chamber air pressure was 695 mm Hg. 
What was the dose rate in water at 4 cm depth in grays per minute? 


. Calculate the cavity theory weighting factor d for an electron spectrum 


similar to a ??P beta-emission spectrum. Assume that the cavity is a spherical 
ion chamber with effective diameter of 5 mm sealed at 1 atm with a plastic 
wall. 


. Calculate the cavity theory weighting factor d for an electron spectrum 


similar to а 32Р beta-emission spectrum. Assume that the cavity is a lithium 
fluoride thermoluminescent dosimeter with 1-mm effective diameter embed- 
ded in a plexiglass phantom. 

Calculate the:cavity theory weighting factor d for the electrons produced 
by photons from-an x-ray tube with a molybdenum target. Use the beta- 
spectrum approximation with maximum electron energy of 19 keV and 
assume «that the cavity is a spherical ion chamber with effective diameter 
of 5 mm sealed at 1 atm with a plastic wall. 

Calculate the ratio of the dose in water to the dose in a lithium fluoride 
chip of 1-mm effective diameter placed in the water in а beam of '9?Co 
photons. Assume the electron spectrum generated is similar to a beta spec- 
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12. 


trum with end-point energy 1.1 MeV. Assume that the average mass stopping 
power ratio can be approximated by the stopping power ratio at 300 keV. 
Ignore cavity perturbation factors. 

Calculate the value of Cy for Со photons for an ion chamber with air- 
equivalent plastic walls that are thicker than the range of the electrons 
produced by Со photons. Assume that the kerma-to-dose ratio is one 
and that the cavity perturbation factor for 99Co photons for air cavities in 
water is 1.015. 


. Calculate the value of Cg for 25-MeV electrons for an ion chamber with 


air-equivalent plastic walls that are thicker than the range of the electrons 
produced by ®°Co photons but not thick enough to stop 25-MeV electrons. 
Assume that all cavity perturbation factors are one except the one for Со 
photons for air cavities in water, which is 1.015. Use the Су value for 
6°Co from Table 11.5. 
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121 Crystalline Solids and Energy Bands 


The solid state of matter is characterized by the ability to resist a deforming 
force so that an object tends to maintain its shape (1). On an atomic scale, 
this property can be related to small interatomic distances with substantial bind- 
ing forces and a stable arrangement. | | 

Amorphous materials are а subgroup of the solids. They show definite 
order in their atomic arrangement over a short range, including a few of the 
nearest neighbors. Thus, all identical atoms in the amorphous material may 
have a similar array of nearest neighbors. However, the complete array extending 
many interatomic distances will not be repetitive. The ordering in an amorphous 
solid is similar to that of a liquid except that the configuration of the solid is | 
stable over long periods of time (2). 

Crystalline solids are of special interest because they exhibit long-range 
order; that is, they occur in an extended periodic array on an atomic scale. 
The basis group in a crystal is the simplest group of atoms, often just a molecule. 
Since the geometrical pattern of basis groups is largely uninterrupted, a three- 
dimensional regular array of lattice points can be assigned, one point per basis 
group. Lines constructed through these lattice points would divide the crystal 
into identical volume elements, called unit cells. The lengths of the edges of a 
minimum volume cell are the lattice constants. A single unit cell сап be made 
to describe the entire crystal by a series of translations, along the directions 
of the unit cell edges. Figure 12.1 shows a simple lattice and a unit cell with 
lattice constants a, b, and c. Table 12.1 gives some representative lattice constant 
values for cubic crystals (a — b — c) of interest. Several ionic radii are also 
given for comparison (3). | 
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Figure 121 A unit cell 
with lattice constants a, 
b, апа с is illustrated for 
a simple crystal. The 
small dark spheres 
represent atomic cores. 


The periodic arrangement of atoms in a crystal gives rise to allowed and 
forbidden energy bands for electrons. Radiation-induced phenomena in crystal- 
line solids are often described with terms relating to these bands. An introduction 
to the origins of the bands and to band terminology is appropriate at this point, 
prior to the discussion of specific absorption phenomena. 

Imagine a three-dimensional array of identical atoms with uniform separa- 
tion between nearest neighbors. Initially assume a separation so large that inter- 
atomic forces are entirely negligible. As is illustrated on Figure 11.2, the electron 
energy levels for this case are the same as the levels for the individual atoms. 
However, for the array, each level has many allowed states. In fact, the allowed 
level population is the product of the number of atoms and the allowed population 
of the individual atomic level. А | 

Consider the effect on the electron energy levels when the atoms in the 
array are uniformly brought together. As the interatomic spacing decreases, 
charge distributions from adjacent atoms begin to interact and perturb the energy 
of the degenerate levels. For an array of М atoms, a given -atomic level will 
be split by the perturbing forces into a number of separate levels, and these 
will diverge over a range of energies (see Figure 12.2). For macroscopic arrays, · 


Table 12.1 Ionic Radii and Lattice Constants 


Lattice Constan E Ionic Radius 

Material (A) : Ion (A) 
Silicon (Si) | 5.4 Live | 0.7 
Copper (Cu) 3.6 Nat 1.0 
Germanium (Ge) 5.7 Ag* | 1.3 
Lead (Pb) 4.9 Es 1.4 
Lithium fluoride (LiF) 4.0 „© | 1.8 
Sodium iodide (Nal) 6.5 Вг” | 2.0 


Silver bromide (AgBr) 5.8 I 212 


Data from Ref. 3. 
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Figure 12.2 The 
electron energy levels for 
a periodic system of 
atoms are shown as a 
function of separation 
between the atoms. 
„Energy levels broaden 
into bands when adjacent 
atoms perturb each other 


INTERATOMIC SEPARATION appreciably. 


the number of atoms involved is sufficient so that the spacing between levels 
is less than the level width, and a continuous band of allowed energies exists. 
Note that the width of the energy band is related to the spacing between atoms ` 
and to the amount of overlap between atomic electron clouds. At an appropriate 
interatomic separation, well localized K-shell electron levels are not affected 
much by splitting, but the levels for external valence electrons are widely split. 
Calculations of energy band parameters have been published for many specific 
crystals (4, 5). 

A simplified general argument for energy bands will be outlined in the 
following paragraphs. Only one dimension of a three-dimensional periodic array 
will be considered. Although incomplete, this will be sufficient to illustrate some 
major effects of the periodicity (6). Three-dimensional general solutions to the 
problem of the periodic potential are available (3, 7) but are much more advanced. 

The time-dependent one-dimensional Schródinger equationd for an electron 
in a repetitive potential c can be written as : 


CHE д? Op (x, г) 


2m. dx? LEV DS t) = ih 220 оо p > Wx)=V(x+a) (120 
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The function V(x) is the electrostatic potential energy of the electron under 
consideration. It must include the effect of attraction of the nuclear cores and 
repulsion of all other electrons averaged together. The equality to the right in 
Equations 12.1 are an expression of the periodicity, since a is the atomic spacing. 
The electron wave function Ҹ is separable. (x,t) = $(x)/(t). Dividing through 


by (x,t) yields 
| —й? [ d2h(x) dft 14 
[dle фо) а) =» 


2m. 
where the separation constant E represents the total electron energy. The equa- 
` tion on the right side of Equation 12.2 can easily be integrated: 


27 | фо) 


уско) = Федекр (=>) = Pepio) 


4°ф(х) 


ICO ER J= ү? dx? 


|+ И(х)ф(х) = Еф), р(х) = V(x +a) 23 


where H(x) stands for the Hamiltonian operator defined by Equations 12.3. 

Choose a subgroup of the infinite one-dimensional array of atoms. The 
subgroup has N atoms arranged linearly along the x axis with spacing between 
each atom of magnitude a. The boundary condition, 


(x) = p(x + Na) (12.4) 


expresses the fact that the wave function will be periodic for a subgroup of 
the array since the potential is periodic as given in Equation 12.1. 

“Suppose T is the operator that translates the argument of a function by 
distance‘ a. Since it is evident that H(x) = Н(х + a), it is easy to show that 
T commutes with A(x): 


Тнсдфбд = H(x + 27900) = НО) TO), 
i [T H(x) — Ho) ф(х) = 0 (12.5) 


One can show that nondegenerate eigenfunctions are simultaneous to operators 
that commute (7). Thus, there exist solutions ф(х) of the equation Тф(х) = 
Тоф(х) with eigenvalue То that are also solutions of Equations 12.3. The plan 
is to apply T many times to find such solutions: 


Тф(х) = Тоф(х) = ф(х + а) 
(Т)? ф(х) = T[Tob(x)] = ToT ф(х) = (То)2ф(х) = T ф(х + зу ф(х + 2a) 
(Туу ф(х) = (To) ф(х) = (х + Na) | 02.6) 


Combining the boundary condition from Equation 12.4 with the final result 
in Equations 12.6 yields 


(To) ф(х) = ф(х + Na) = ф(х), 


[271 
(То)“=1, To= See = ехр( а), 
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271 
k-25—,120,21,52, ... зат 
та Зе) (12.7) 


The eigenvalues То аге the complex roots of unity. Note that the range of / 
for unique solutions is N in this case. The solutions obtained from larger l 
values contain no new phase factors, since exp(i2ml/N) = exp[i2m(1 + N)/ | 
М]. If both plus and minus / values are chosen, unique solutions are confined 
to |Д € N/2. The wave number kı was introduced for ease of reference in 
the foregoing discussion. | 

One can obtain a solution for the wave function by applying Equations 
12.6 and 12.7: 


Тф(х) = Тоф(х); 
f(x + a) = exp(ikja)h(x) = u(x + a)exp[ila (x + а), 
(x) = и(хјехр их), u(x) = u(x + a) (12.8) 


The function u(x) is used to indicate the part of ф(х) that is not a phase 
factor. These last equations for ф(х) can be identified as solutions to Equations 
12.3 under appropriate conditions (6). Combining Equations 12.3 and 12.8 gives 


W(x, t) = ш (х)ехр[ (Кх — wt)], 
а= = 1250 4: 2... || € №2 (12.9) 


The ехропепііа] part of у(х, /) represents à wave traveling in the +x direction 
when / > 0 or the —x direction when / < 0. A traveling wave is normally 
associated with particles free to range over the coordinate space. Since the 
function ш(х) has period a, it is identified with localized configurations near 
nuclear cores in the array. Thus, the functions (x,t) are a hybrid of localized 
wave function modulated by free-particle plane waves. 

The total energy values associated with the solutions of Equations 12.9 


are of great interest. The plane wave kinetic energy expressions 7; are 


as p? Hh? отр 


= » lx N/2 
| 2m. 2m. 2me(Na)? i с 
h2k;,2 ў 
E) ———— + (Тил + (12.10) . 
(Е + CT) +) аза 


The quantity (E), is the expectation value of the total energy. The energy (V)i 
is an expectation value of the electron potential energy due to the periodic 
potential. The energy (T4) is an expectation value of the kinetic energy attributa- 
ble to the core functions. 

The valence electron wave functions overlap from atom to atom, so these 


electrons are relatively free to move over many interatomic distances. The range 


of allowed free-particle energies is approximately 2[h?(N/2)?/2me(Na)?] = h?/ 
8теа?. When М is large, many possible free electron levels are available and 
the spacing between adjacent levels must be small. In fact, a continuum or 
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band of allowed energies is available. The band edge occurs when / approaches 


N/2. At this energy the electron wave number is given by |k| = та = т/а 


and the wavelength A = 21 = 2a..This condition corresponds to the situation 


for first-order Bragg reflection of waves at normal incidence from crystal planes 
separated by the lattice spacing a (6). 

Тһе discussion given in the preceding paragraphs was simplified, but some 
of the major properties discussed apply to actual three-dimensional crystalline 
materials. For example, three-dimensional crystal wave functions are called the 
Bloch functions and have the form (3, 7, 8): 


P(r) = ux (r)exp(ik:r), 


əy 


1 
LS р 
| "|2 Д pu Ad 


mini ӘЖЕНІ ње (12.11) 


where f, j, and k are unit vectors in the x, у, and z directions, respectively. 
The actual kinetic energy values depend on the wave number product k-k. 
Energy bands occur for valence electrons, and discontinuities or gaps in the 
energy bands are apparent when k satisfies the Bragg condition. However, the 
three-unit cell dimensions are not necessarily equal, so the magnitude of k that 


CONDUCTION 
BAND 


ENERGY 


VALENCE 
BAND 


2.3À 
INTERATOMIC SEPARATION 


Figure 12.3 The energy band structure of silicon is shown. Notice that 
the calculations indicate band splitting and crossing. Ej; is the band рар 
width. Adapted from Ref. 9. 
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produces an energy gap is not necessarily the same in all directions. In this 
case, forbidden gaps related to different directions in the crystal do not always 
have the same energy. 

Many other complications are found for real crystals. Figure 12.3 is an 
illustration of the energy band structure for the covalent crystalline state of 
silicon. Notice that the splitting of the 3s and 3p states of atomic silicon are 
a function of equilibrium separation, as might be expected (9). However, parts 
_of the 3s and 3p bands overlap, so the equilibrium silicon band gap is actually 
quite small. 


12.2 Excitations in Metals, Semiconductors, 
and Insulators 


In the preceding section some general arguments were presented for the existence 
of bands of allowed electron energies in crystalline solids. With this is an introduc- 
tion, band terminology and excitation processes common to crystalline solids 
can be discussed. Discussions of several related phenomena with edd 
applications will be presented in the later sections. 

The intervals with forbidden energy values between the allowed bands 
of energy are called gaps, as was mentioned in Section 12.1. Lattice structure, 
the atomic;constituents, and their bonding determine variations in the gap width 
in different materials. Solids are often classified as electrical conductors (metals), 
semiconductors, or insulators on the basis of the relative population of the 
allowed electron levels within the last occupied band and the size of the energy 
gap between bands. Figure. 12.4 shows three representative situations for crystal- 
line solids at a temperature of absolute zero (3). 
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Figure 12.4 The electron energy band structure of several types of crystalline solids 
is shown. Ey is the band gap width; Ер, the Fermi energy. 
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The energy of the topmost filled electron level at absolute zero is the 
Fermi energy, Ер, as shown on the figure. This energy serves as a reference 
for electron binding energies in the crystal and for electrons in free space. If 
E is the total electron energy in the crystal and Tmax is the maximum value 
of the free-space electron kinetic energy (10), then 


Lr фу SR Tinas Е — Ер = фу а? Td (12.12) 


The work function фу is the minimum energy in excess of the Fermi level 
that must be added to free an electron from the crystal surface. The onset of 
the free-electron continuum always occurs at energies larger than Ер because 
escaping electrons are attracted back to the crystal surface by the positive charge 
induced on the surface. 

In the first case shown in ies 12.4, that P. a metal, the Fermi level 
occurs inside a band of allowed energies. In such a situation, there exists a 
great many loosely bound electrons in the crystal, in random motion. Upon 
application of an electric field, some will obtain a net momentum antiparallel 
to the field, concomitant with an increase in energy, and become carriers of 
current. A small increase in energy is possible because many unfilled levels 
are available above the Fermi level. In this case the material is classified as | 
an electrical conductor. | 

In the second and third cases shown in Figure 12.4, semiconductor energy 
bands and insulator energy bands are illustrated, respectively. In each of these 
cases the topmost filled electron energy band is called the valence band and 
the band above it is called the conduction band. At absolute zero the conduction 
` band is not populated for these crystalline solids. For perfect crystals, states 
with energies within the gap are forbidden and there are no empty states available 
in the valence band. Thus, the electron momentum distribution can not be 
altered appreciably by the applied electric field. The materials do not conduct 
electrical current well. 

An important difference between semiconductor crystals and insulator crys- 
tals concerns the band gap width Ej. If E; is small enough, at room temperature 
many valence-band electrons will be thermally exicted into states with energies 
in the conduction band. Since these electrons are available as carriers of current, 
a crystalline material with small energy gap is called a semiconductor. If Ey 
is so large that thermal excitation does not produce an appreciable conduction 
band population at room temperature, the material is called an insulator. Semi- 
conductors аге sometimes defined as substances with E; < 2 eV (10). Table 
12.2 shows the valence-to-conduction-band gap energy for some useful materials 
(3, 10, 11). ; 

Іп the last several paragraphs we have considered the effect of conduction- 
band electrons on electrical conductivity. For semiconductors and insulators, 
the vacancy left in the valence band can also contribute to the conductivity. 
A vacancy in an otherwise filled band is called a hole, and holes can move 
through a crystal under the influence of an electric field. One can picture hole 
motion as a series of displacements from one atomic site to an adjacent one. 
This can occur when an electron jumps to a vacancy in an orbit of a neighboring 
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Table 12.2 Band Gap Energies 


Crystal E, (eV) 
Carbon (C)¢ 5.4 
Silicon (Si) 1.1 
Germanium (Ge) 0.7 
Lithium fluoride (LiF) 12.1 
Lithium iodide (Lil) 5.9 
` Sodium iodide (Nal) 5.8 
Zinc sulfide (ZnS) 387 
Cesium antimonide (С5396) 1.6 
Silver bromide (AgBr) 2.5 


ш 4 ЊЕ, ae eee 
Data from Refs. 3, 10, and 11. 
* Diamond. 


atom. In semiconductors or insulators, hole motion can ycontribute significantly 
to the transport of electrical current. 

The existence of perfect crystals assumed in the foregoing descriptions 
does not occur. Imperfections or defects in the regular long-range ordering in 
crystalline solids are common. Point defects can be grouped under four catego- 
ries: vacant lattice sites, interstitial atoms or ions, impurity atoms or ions, and 
combinations thereof. These categories apply to a localized site within the crystal. 
Defects involving large numbers of atoms (planes) can also be identified. 

Two common types of vacancy defects are illustrated in Figure 12.5. The 
Frenkel defect is a lattice vacancy with an associated interstitial atom or ion, 
although the two may be separated by several lattice distances. The Schottky 
defect is a lattice vacancy wherein the missing atom or ion has been completely 
removed from the neighborhood of-the vacancy (3). These defects occur in all 
crystals. They can be produced thermally and with ionizing radiation. 

Vacant lattice sites can serve to trap charge carriers and prevent their 
further movement. An important type of electron trap in ionic crystals is the 
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illustrated. 
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negative-ion vacancy. A negative-ion vacancy that contains a trapped electron 
is called an F center (see Figure 12.6). The filled-hole trap analogous to the F 
center occurs only rarely. The most common hole trap in ionic crystals is the 
Vx center (3), shown on Figure 12.6. The Vx center does not involve a vacancy, 
rather two adjacent anions combine with a hole so that the local interatomic 
distance is changed and the energy is reduced. 

Impurity atoms or ions can be located interstitially or ов ated into 
lattice sites in place of the usual atom or ion. The electron energy levels for 
impurity atoms are perturbed by the local electric fields in the crystal. Local 
fields can split degenerate levels. They serve to displace allowed energy levels 
with respect to the free-particle continuum (3). Impurity atom energy levels 
that fall in the band gap play a part in excitation and de-excitation processes 
in the crystal. 

Impurity atoms which donate electrons to the conduction band are called 
donors; if the atoms capture electrons from the valence band, they are called 
acceptors. Examples of donor and acceptor atoms can be found in the substitu- 
· tional impurities in covalently bonded crystals. Germanium and silicon are tetra- 
valent, thus impurity atoms with more than four valence-shell electrons tend 
to act as electron donors in these crystals. If the number of impurity valence 
electrons is less than four, the substituted atoms tend to act as acceptors. 

Radiation-induced excitations in metals, semiconductors, and insulators 
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can involve electron transitions that belong to at least four major categories: 
intraband, interband, collective, and discrete-state electron transitions. Two im- 
portant categories for lattice energy loss processes are the collective and local 
processes. ; 

Intraband transitions involve electron energy changes within a single con- 
tinuous energy band, whereas interband transitions occur between two different 
bands (7). Collective electron transitions refer to changes in energy of an electron 
plasma as a whole rather than to individual electrons. Discrete-state electron 
transitions involve one or more levels that do not fall within a band. They 
are associated with impurity atoms or with the inner shells in lattice atoms. 
Collective lattice processes refer to oscillations of the lattice atoms or ions as 
a whole, whereas local processes refer to lattice excitations at a particular site 
in the crystal. 

Any of these excitations can be induced by a coulomb collision in а crystal- 
line solid. These collisions can be initiated by a fast charged primary particle 
traveling through the crystal or by charged secondaries set free after interactions 
of photons or neutrons in the crystal. Excitation of the electrons in the absorbing 
crystal will be described first; discussion of lattice excitations will follow. 

At lowest energies, in a metal, charged particles can induce intraband 
transitions with a restricted number of crystal electrons with energies near the 
Fermi energy. Participation of the vast majority of the electrons is prohibited 
since their neighboring levels are filled. However, as the energy available for 
excitation is increased, an increasing number of crystal electrons become available 
for participation. Thus, the intraband excitation probability increases. When 
sufficient energy is available, collective, discrete-state, and interband transitions 
also become possible (12). | 

The situation in semiconductors and insulators is different than that for 
a metal. The electron energy.bands are either nearly full or nearly empty at 
room temperature. Thus, the population available for intraband transitions is 
restricted in any case. However, when the excitation energy exceeds the band 
gap energy, the probability of excitation increases rapidly because of electron- 
hole pair formation (13). An electron-hole pair is produced when an electron 
is promoted from a state in a filled band to an empty state in another band. 
The hole is identified with the empty state left behind, as is shown on Figure 
12.7. If subscripts e and A stand for the electron and hole, respectively, a 
necessary condition for pair formation is that the energy transferred AE — 
E, — En >My 

In many cases the newly formed electron and hole drift apart as free 
chargé carriers and are never again correlated in space. However, they can 
associate’ ‘after formation into a weakly bound pair called an exciton, which 
moves through the crystal as a single entity. The exciton system has discrete 
energy states, which are illustrated on Figure 12.7. 

Collective electron excitations in a crystal involve vast numbers of charges 
that respond to stimuli much as a plasma would respond. Such excitations, 
when induced by energetic charged particles, take the form of longitudinal collec- 
tive oscillations. The negative electron plasma vibrates with respect to the positive 
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Figure 12.7 The formation of an electron-hole pair is illustrated at left; the excited - 
states of an exciton are shown at right. 


\ 


ion cores. The oscillations are harmonic, with frequency f = w/27, and the 
energy of the oscillation is quantized with value йо. The quantum is called 
the plasmon. 

The allowed number of plasmons is limited only by the energy delivered 
(3). Because the plasma oscillation is quantized, the excitation energy must 
exceed a threshold between 3 and 15 eV in most common metals (3). Beyond 
the threshold energy, plasma oscillations become an important mode for energy 
transfer from fast charged particles to absorbers. Plasmons are frequently inter- 
mediaries that can lead to interband and intraband electron excitations (12). 
Figure 12.8 shows the relative cross section for various electron excitation pro- 
cesses in metallic aluminum (14). Note that intraband processes are most proba- 
ble at lowest energies, but volume plasmon excitation dominates at somewhat 
higher energies. The K- and L-shell discrete-state excitations are relatively im- 
probable. | 

The most important lattice excitation process is the induction of collective 
vibrations of the atoms about their lattice sites. Lattice atoms are arranged 
with well defined equilibrium positions but they can oscillate with limited ampli- 
tude about these positions. Since adjacent atoms interact through relatively 
strong forces, such oscillations can be coupled through an entire crystal. The 
situation is most easily analyzed in terms of collective harmonic motion in 
normal modes with well defined phase relationships (7). Figure 12.9 is a schematic 
representation of two such oscillation modes for a simple one-dimensional array 
of atoms. Longitudinal (L) and transverse (T) motions occur in acoustical (A) 
and optical (O) modes (3); thus, the oscillations may be designated by LA, 
LO, TA, and TO. Normal modes in three-dimensional crystals may be more 
complicated, but a similar terminology is used. 
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The energy of a collective lattice oscillation is quantized, and the quantum 
is called a phonon, with energy fiw. Individual phonon energies are usually | 
small (0.06 — 1.10 eV), but unlimited numbers of phonons can accrue in a 
crystal at one time (3). Phonon losses are important when energetic charged | 
particles are degraded in crystalline materials. They are often produced concomi- 
tantly with electron-hole transitions, particularly when the initial and final elec- 
tron states have different wave number k; the phonons provide for momentum 
conservation in such circumstances. Indirect transitions are interband transitions 
requiring phonons for momentum conservation. 


12.3 Production of Mobile Charge Carriers 


In this section, changes in the electrical conductivity of a semiconducting or 
insulating crystal produced by ionizing radiation will be discussed. Basic pro- 
cesses will be mentioned and simple expressions for the charge-carrier densities 
will be given. The aim of the section is to provide background information 
necessary for understanding conductivity dosimeters (15) and semiconductor 
detectors (16, 17). 

Definitions for basic electrical parameters are given in many texts (3, 18). 
For example, the electrical conductivity сг is the ratio of the current density 
J in amperes per square meter divided by the impressed electric field E in 
volts per meter. The expression can be regarded as a form of Ohm’s law: 


J—cE, o=J/E (12.13) 


Conductivity has units amperes per volt meter, which is сшде, to reciprocal 
ohm-meters [(ohm-m)-!] in SI units. 

The conductivity is also related to the mobility u of the charge carriers. 
If v is the drift speed of mobile charges q due to an electric field and J is the 
current density caused by these carriers, then 


= та и (12.14) 


where n, is the number of mobile carriers (with charge q) per unit volume. ' 
For semiconductors and insulators, it is best to consider the contribution of 
mobile holes (subindex h) separately from those of mobile electrons (subin- 
dex e): 


с = ely ере + hho eun ` (12.15) 


Table 12.3 shows measured values of o and p for several important crystal- 
line semiconductors and insulators (15, 17). In some cases values occur within 
a wide range when different samples of a given element or compound are used. 
The tabulated values shown are intermediate for the measured range. The con- 
ductivity of metallic copper, с = (6)107 (ohm-m)^! at 300 K (3) is useful for 
comparison with the values in the table. 

If some of the valence-band electrons are promoted into the conduction 


Excitation and De-excitation in Crystalline Solids 295 


Table 12.3 Charge Conduction Properties at 300 K 
elt 


[т7 У > s)] 
Crystal . Сер) а(оћт +m) He Hn T (s) 
Carbon (C)? 5.4 (53071 : 0.180 0.120 
Cadmium sulfide (CdS) 2.4 (5)10-9 0.030 0.001 (1)10-3 
Gallium arsenide (GaAs) 1.4 (1)107* 0.850 0.040 (11077 
Silicon (Si) ГІ! (4)107* 0.150 0.050 (3)1073 
Germanium (Ge) 0.7 (3)10° 0.380 0.180 (1)10-3 


ae Se ee ln La ee eee 
Data from Refs. 15 and 17. 
a Diamond. ` 


band, the electrical properties of a nonconducting crystal will be changed. Extra 
conduction-band electrons and valence-band holes add to the mobile carrier 
concentration and therefore increase the electrical conductivity. When electron- 
hole pair formation occurs because of thermal excitation, the charge-carrier 
density сап be related to КТ, where k is the Boltzmann constant and T° is 
the absolute temperature. If the carrier population is completely intrinsic and 
effects of impurities and traps can be neglected, the charge-carrier density for 
nonconductors is given by 


ely = уп) = Cp (KT9y!? exp (—E,/2kT®) (12.16) 


where Су is a constant for a given crystalline material (3). Equation 12.16 
shows that when KT? |< Ey, the intrinsic charge-carrier concentration is small, 
but it increases with increasing temperature. For silicon at 300 K under intrinsic 
conditions, ety = nny = (1)10:5/103. For comparison, the mobile electron concen- 
tration for metallic copper is about (1)1029/т2. 

When thermal electron-hole production is negligible, ionizing radiation 
can have an appreciable effect on the electrical properties of nonconducting 
crystals. Under such circumstances it may be important to be able to estimate 
the numbers of mobile electrons and holes produced by the radiation. 

Figure 12.10 illustrates the charge-carrier population distribution after 
valence-band electrons have been excited by ionizing radiation. The liberated 
secondary electrons with excess energy induce additional interband transitions 
via collisional processes and produce more electrons and holes. Energy in the. 
form of phonons is invariably coupled to the lattice in the entire process. A 
short time after excitation, a pool of mobile electrons and holes is present in 
the crystal. 

Assume that the initial kinetic energy Т of a fast charged particle was 
dissipated in a crystal in producing Nen electron-hole pairs and Np phonons 
(19, 20). If Wen is the average energy dissipated per pair, . 


Wen = T/Nen (12.17) 


when T > E, The concept of the average energy per electron-hole pair is 
analogous in many ways to the average energy B ion pair discussed i in Chapter 
11 for gaseous absorbers. 
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Suppose єр is the average energy of the phonons produced, e, is the average 
energy above the conduction-band edge for the mobile electrons, and єһ is 
the average energy of the mobile holes prior to thermalization. Then, 


T — Na (Egal У єһ) + Мер, 


Since electrons and holes with sufficient initial energy will produce more electron- 
hole pairs in the crystal, the values of є, and еу are always less than Ey. 

| Numerical estimates have been made for the quantities in Equations 12.18 
for silicon (21). If en = є = 0.6Е, and about 18 phonons with average energy 
€p = 0.06 eV are produced for each pair, 


Wen = Eq + (0.6 + 0.6) E; + 186; | | 
~ 1.1 eV + 1.3 eV + 11 eV —3.5 eV (12.19) 


For silicon, the gap energy, the residual energy of the charge carriers, and 
lattice pronons contribute about equally to Wen. Table 12.4 gives some experi- 
mental values of Wen (19, 20) for important materials. Notice that an increase. 
in Ej generally correlates with an increase in Wen. However, no single numerical 
ratio between E; and Wen applies to all crystals. 

If a crystal of density p absorbs energy E resulting in a uniform dose D 
throughout a volume P, one can write 


= (12.20) 
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Table 12.4 Average Energy per Electron-Hole Pair 


rr — 


Crystal E, (eV) Wen (eV) 
Silver bromide (AgBr) DIS 5.8 
Carbon (C)? 5.4 10.0 
Cadmium sulfide (CdS) 2.4 52 
Gallium arsenide (GaAs) 1.4 : 6.3 
Silicon (Si) : Jeter 3.6 
Germanium (Ge) 0.7 2.9 


——————————————ÀÀÀ—— 


Data from Refs. 19 and 20. 
` а Diamond. 


where Q is the magnitude of liberated charge of either sign. Values of Wen 
are much less than the values for the average energy per ion pair for gases. 
At usual pressures, p is about a thousand times larger for a solid than for a 
gas. Thus, there are a great many more charge carriers produced per unit volume 
in a crystalline solid than in a gas for the same dose of ionizing radiation. 

The middle equation in Equations 12.20 relates the total number of elec- 
tron-hole pairs produced to the absorbed dose. From Equation 12.15 it is evident 
that the conductivity is related to eny and һп,, the numbers of mobile charge 
carriers per unit volume. A discussion of the instantaneous mobile carrier densi- 
ties will be given in the following paragraphs. An expression relating them to 
the dose rate in the crystal will be developed (15, 22). 

Suppose a bias is applied to electrodes on opposite faces of a nonconducting 
crystal. If the thermally generated carriers occur in insignificant numbers, the 
electron-hole pairs produced by ionizing radiation can be important. After irradi- 
ation they will disappear from the mobile population because of collection at 
the electrodes, recombination, and capture in traps. In a steady-state situation, 
the rate of mobile electron production per unit volume, P, is related to the 
dose rate and electron density by the following: 


p, =f EL Фет) p ет ет ей 

” Waf dt dt опијени стр“ ст, om (12.21) 
In this case, eTe is the mean electron lifetime for collection, ет, is the mean 
electron lifetime for trapping, and гт, is the mean electron lifetime for recombina- 
tion with holes. It is assumed that trapping and recombination are independent 
processes. Equation 12.21 is written for emp, but a similar equation can be ob- 
tained for pny ‘using different values for lifetimes. 

Consider „т first. Assume that recombination occurs whenever an electron 
comes into the neighborhood of a hole, i.e., no recombination transitions are 
forbidden and there is no hindrance. If the effective electron-hole recombination 
cross section is Cen, the electron sweeps out an effective volume for recombination 
of VeGen in one second. The electron speed ve is assumed to be much larger 
than the hole speed in this case. The product һп,(0е)оеһ gives the number of 
holes that are in the sweeping volume in a second. This is equivalent to the 


\ 
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recombination probability per second for the electron under the assumptions 
listed. The mean lifetime for recombination is the reciprocal of the recombination 
probability: 


1 5 
— = p (Ve) en (12.22) 
eTr 

An analogous expression for т; can be written using о for the effective cross 
section for electron trapping and ‚п, for the electron trap density. Combining 
the two gives 


1 1 1 | 
-=— += = nNy(Ve)Oen E п (Ve) Cet (12.23) 
т етт ет; 


Using Equation 12.23, the right-hand side of Equation 12.21 can then be written: 


d(eny) n 
m Py — = (епо) т (Ve) er => (епу )n ny (Ve) O en 
dt ei 
ely |, 
"Ре = ate (tty erty — а (упујећ (12.24) 
eite 


where a; is called the recombination coefficient and a; is called the electron 
trapping coefficient. 

In real crystals a variety of тара? and recombination modes can occur. 
In some important cases, notably for germanium and silicon of detector quality, 
collection at electrodes is the dominant means for loss of mobile carriers when 
the production rate is low enough (17). When trapping and recombination can 
be neglected, Equation 12.24 can be simplified by neglecting the last two terms; 
then for a low-level steady beam at ишш, 


d(eny) a^. ` ely ў = 


Р, =0, еп = Ристо) = BN 


dD/dt (12.25) 
dt d (5420 


Equation 12.25 shows that the equilibrium value of the mobile electron density 
is proportional to the first power of the dose rate when trapping and recombina- 
tion are negligible. | 

When ап electric field E is applied to the crystal P есейе during the 
time of irradiation, a current will be obtained. If J, is the electron current 
density, Equations 12.13, 12.15, and 12.25 can be combined to give 


Је = ОСЕ = e „ЕР, (eTe) ESTE Е. | (12.26) 

A similar equation can be obtained for the current density attributable to holes. 

Under the circumstances assumed, the currents are proportional to the first 

power of the dose rate. When direct recombination is an important mode for 

loss of carriers, the instantaneous electron density is proportional to a fractional 
power of the dose rate less than one (15). 

The effects of trapping are undesirable in a crystal used to detect radiation, 
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since charge is lost from the mobile carrier population and the relevant radiation- 
induced signal is reduced. In addition, trapping produces a space charge, which 
generally opposes the impressed electric field and thereby impedes charge collec- 
tion. Thus, for a detector crystal, high-mobility carriers and low trap density 
are needed. 


12.4 Luminescence from Inorganic Solids 


Luminescence is the emission of electromagnetic radiation in excess of thermal 
radiation after some form of excitation (23, 24). Usually it is assumed that 
visible light is emitted during luminescence, but this need not be the case exclu- 
sively. Ultraviolet light is often included in the emissions. The reference to 
thermal radiation in the definition serves to distinguish luminescence from in- 
ndescence. In the following section, luminescence induced by ionizing radiation 
vil be discussed. Three categories will be included: fluorescence, phosphores- 
“cence, and thermoluminescence. 
= | Fluorescence, phosphorescence, and thermoluminescence differ from each 
pe in part because of the duration of the emission process after the excitation 
ril removed. Suppose luminescent energy is emitted from excited configurations 
INS = independent atomic systems. If the number of atomic states that decay in 
| — = time interval dt is called dN, and if à is the decay probability per second for 
lm ™ any state, then 


mes 


о сә | | m 
| oS EN ја = а InN=-At+C, 
= dt N m 
hy = exp (С) exp(—A1), N = Noexp(—at) . (1227) 


~~ Тһе number of excited atoms, N, was taken to be No at t = O in order to 
evaluate the integration constant C. Since the emitted photon fluence ф is propor- 
tional to AN, 


Ф = фо exp(—At) = фо exp(—t/7) : (12.28) 


where т = 1/A is the mean lifetime of the luminescence. 

Some authors refer to fluorescence as luminescence that occurs during 
the energy stimulus, whereas phosphorescence persists after removal of the source 
of excitation. A common dividing line for mean life values is 7 = 1078 s. Fluores- 
сепсе is said to occur when 7 X 1078 s; phosphorescence occurs when 7 > 
10 78 s (3). Ten nanoseconds is appropriate because it is somewhat longer than 
the lifetime of ordinary allowed atomic electron transitions. Thus, phosphores- 
cence is associated with metastable atomic or molecular states or with shallow 
traps in a crystal. The name “‘thermoluminescence” comes from thermally stimu- 
lated luminescence (1), which occurs when the mean lifetime at room temperature 
is very long and heating is required to release the electromagnetic energy. Ther- 
‘moluminescence involves relatively deep traps in a crystal (25). = 

For crystalline solids, phosphorescence involving shallow traps and ther- 
moluminescence attributable to deep traps can both be discussed using the trap 
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depth e; in energy units. The effect of the absolute temperature T° on the 
escape probability for a carrier in a trap must be considered (26). Suppose a 
charge carrier is in oscillatory thermal motion inside a trap such that f is the 
striking frequency at the confining boundary. Under this circumstance the escape 
probability per second, p, is given Бу | 


p=fexp(—e:/kT°), є >kT° к (12.29) 


where k is the Boltzmann constant. The exponential factor іп Equation 12.29 
is called the Boltzmann factor. As long as it is small, it accurately represents 
the probability a system will be found with excess energy e; due to thermal 
excitation (6). | 

· Call М, the number of trapped carriers and substitute p from Equations 
12.29 for А in Equations 12.27, and the result is N; = No, exp(—pt) when No; 
is the number of carriers trapped at t = 0. Suppose the mean time for escape 
of a charge carrier from a trap is much larger than the mean time elapsed 
thereafter for photon emission. Then the mean life of the luminescence can be 
identified with 1/р: 


T " ехр(е„/КТ °) 
p f 


From this form the condition for thermoluminescence can be written as (exp[e;/ 
kT°]/f} > 1 when T? is the room temperature. Trap-related phosphorescence 
is associated with much reduced values of e; leading to smaller values of т 
at room temperature. 

'. Consider electron excitation and de-excitation energies in luminescent crys- 
tals. Figure 12.11 is an illustration of energy functions for the ground state 
and excited states of an electron bound in an atom or ion in a crystal. Since 


Е (12.30) 
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Figure 12.11 Electron energy curves 
are illustrated for the case of an impurity 
atom in a crystal. The allowed energy 
values are a function of displacement 
of the nucleus from the equilibrium 


NUCLEAR POSITION position. 
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the nuclear centers are vibrating in their lattice positions, the curves are displayed 
with parent nuclear displacement from the equilibrium lattice position as the 
abscissa. The parabolic minimum for the ground state defines the equilibrium 
position for that state. The increase in energy required to move away from 
equilibrium occurs because of perturbing coulomb forces from neighboring lattice 
atoms. Since charge distributions are different, ground-state and excited-state 
equilibrium positions are somewhat different. 

The lifetime of most excited electronic states is sufficient to allow the 
atomic system to relax to a new equilibrium displacement prior to de-excitation. 
This is accompanied by release of phonons in crystal systems. Luminescent 
de-excitation most often occurs from the new position, determined by the excited- 
state charge distribution. It is evident from the figure that the luminescent 
energy is less than the energy required to excite the system originally. This 
phenomenon is called the Stokes shift (27). Practically, it means that luminescent 
photons are likely to escape from a small emitting crystal, since their energy 
is insufficient for immediate reabsorption. 

The Franck-Condon principle says that the actual time required for elec- 
tronic motion in atoms is negligible compared to times necessary for substantial 
movement of nuclear centers (28-30). This is necessarily true since electron 
periods are much shorter than the periods for molecular or lattice vibrations. 
This means that electronic excitation or de-excitation transitions must be shown 
as vertical lines on Figure 12.11. They occur at essentially constant nuclear 
displacement, | | 

The excited-state energy function is closely related: to the luminescent 
spectrum. The minimum in the energy function means that a range of displace- _ 
ment values..of excited atoms produces a range of possible photon energies. 
When many luminescent sites are considered, the energy spectrum of the emitted 
photons is broadened into bands (23). Anisotropic local charge distributions 
located close to emitting sites produced a similar broadening of the energy 
spectrum (31). Thus, one often finds a continuous emission spectrum from lumi- 
nescent materials, even when a multiplet of supposedly discrete states are in- 
volved. The luminescence from ZnS:Cl (32) and thermoluminescence from 
LiF: Mn,Ti (33) shown on Figure 12.12 have this character. 

The discrete spectrum from Gd2O2S:Tb (34) is an exception because the 
active 4f electrons in the emitting ion (Tb* * *) are confined inside the parent 
atom and are well shielded from external charge distributions. Thus, they are 
not greatly affected by changes in environmental conditions. Emissions from 
other rare earth impurities show а emission patterns for the same 
reason (35). | 

Interatomic forces often couple excitation energy away before luminescence 
can occur (36). In fact, nonradiative de-excitation dominates in most crystals. 
Sometimes impurities can be added to the crystal in small amounts (1%), which 
increase the luminescence. They are called activators if they help determine 
. the emission spectrum. In this section, activator impurity atoms are indicated 
by a colon and atomic symbol following the chemical formula for the crystalline 
material. 

Table 12.5 summarizes important о es of several useful luminescent 
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Figure 12.12 Emission 
spectra are shown for 
several luminescent 
materials (32-34). The: 
curve for LiF:Mn,Ti is 
for thermoluminescence. 
The spectra are 
individually normalized 
to 100 at their peaks. 


RELATIVE NUMBERS OF PHOTONS 


materials at 300 K (25, 34, 37); most are activated. The efficiency values given 
in the table are the quotient of the photon energy emitted, divided by the'exciting 
energy and multiplied by 100. Notice that nonradiative de-excitation predomi- 
nates. Even the most efficient luminescent materials i in the list emit less than 

25% of the available energy. 
In the paragraphs to follow, a discussion of several types of luminescent 
“transitions in crystals will be given. We assume that the crystal. contains a 
large number of radiation-produced electrons and holes, some associated in 
pairs as excitons. We suppose that the pair recombination process supplies the 
energy for the luminescence, although the photon emission process may occur 

ina variety of ways. 

. Figure 12.13 shows some important recombination processes (23). Band- 


Table 12.5 Properties of Common Phosphors 


| Меап | . . Spectral Maximum 
Chemical Lifetime Luminescent 
Formula (ps) Efficiency (%) hv (eV) À (4) 
CaWO, 3 4. 2:9 4300 
CsI:TI 1 nb 2.2 — 3.0 4100 — 5800 
Gd202S:Tb 18 2.3 5400 
LiF: Mg,Ti ^ Cl yr) 3.1 4000 
Lil: Eu 022 4 2.6 4700 
NaI: TI 0.2 13 3.0 4100 
ZnS:Ag 10 23 216 | 4700 


Data from Refs. 25, 34, and 37. 
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Figure 12.13 Several types of de-excitation transitions are illustrated. 


to-band direct recombination and exciton-mediated recombination are important 
in some very pure crystals (24). If excitons are involved, the low-energy emissions 
will be characteristic of the spacing between the exciton energy levels. Three 
other processes shown on the figure are defect band recombination, intradefect 
recombination for a single site, and interdefect recombination when two separate 
sites are involved. 

If the crystals are very pure, defect-related recombination processes often 
involve interstitials, vacancies, and the like, which act as traps. In pure alkali 
halide crystals, a sequential process is initiated by hole trapping ай Vx centers, 
followed by electron-initiated recombination (38). When a conduction-band elec- 
tron is involved, the process can be called defect band recombination. If the 
electron is itself trapped in a defect near the trapped hole, recombination after 
tunneling through the barrier is a possible interdefect process. 

When impurity atoms are. present in the crystal, they can function as 
luminescent sites. If activator impurity concentrations are small, the emission 
is probably host sensitized. This means that excited species are produced at 
random in the crystal. Capture of an exciton or charge carrier at the impurity, 
or nearby, follows. For an intradefect process, some of the energy upon recombi- 
nation is coupled through an excited state of the impurity system and one or 
more luminescent photons are emitted (38). 

As an example, consider the thallous ion Tl*, a widely used activator 
impurity in the alkali halide phosphors. Examples of thallium-activated phos- 
phors include NalI: Tl, KI: Tl, and CsI:TI. The optical transitions in the ТІ? 
ion involve the two electrons in the п = 6 orbit, the 6s? configuration (3). 
Figure 12.14 ‘Shows that energy levels for these highly exposed electrons are 
drastically modified by the ionic lattice potential. It has been proposed (38) 
that ТІ luminescence at room temperature occurs by the transition from the 
triplet 3 Ро electron state to the singlet 150 ground state. Presumably many 
electronic states initially excited in the ion de-excite thermally to populate the 
зр, state at room temperature. The 3P, > 150 transition energy is about 2.9 
eV for Tl* in Nal. This energy is near the maximum of the emission: spectrum 
of NalI: TI. 
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Figure 12.14 Energy 
levels of the thallous ion 
are shown both for a frée 
+ + ion and as a 

ТІ as | ГІ in substitutional impurity in 
Free lon lonic Lattice an ionic lattice (38). 


The thermoluminescence of LiF:Mg,Ti is another example of impurity- 
activated luminescence. Various mechanisms have been proposed for lithium 
fluoride thermoluminescence (25). Electron traps are thought to be associated 
with the Mg++ impurity ог F centers. Уз centers, the double-hole traps, are 
important since Ик traps are unstable in lithium fluoride. The luminescent site 
is associated with the Ti* * impurity. Christy and Mayhugh (39) proposed that 
the emission process is initiated when an electron is thermally released from a 
Ма" + trap site. The newly mobile electron recombines with one of the holes 
trapped at a Уз center and initiates release of the second hole. This mobile 
hole is captured for recombination near a Ti* * impurity. It is annihilated when 
a nearby F center electron tunnels through a separating barrier. Thus, an interde- 
fect process is proposed as the direct cause of the photon emission. 

.Since charge carriers are trapped in lithium fluoride for very long times 
under ordinary circumstances, the phosphor can be used as a thermoluminescent 
dosimeter. Suppose No; is the total number of active traps in a lithium fluoride 
crystal and №, is the number filled because of radiation. Then if dD is the 
dose increment producing dN, newly trapped carriers, 

dN, 


dN, = Со(Ми — №)ар, OT — CpdD, 
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(№, x №) = —CpD ВР C 
Not — № = exp C exp(-CpD), Nor — №, = No: exp(— CoD), 
№ = Noa [1 — ехр(-Сьр)] ` (12.31) 


Equation 12.31 shows that the number of trapped carriers is proportional to 
the absorbed dose when D < 1/Cp. Saturation of the trapping sites should be 
expected at high doses. Actually, Equation 12.31 is approximate only; supra- 
linearity (25) and other phenomena related to lithium fluoride thermolumines- 
cence have been ignored in the foregoing development. 


12.5 Silver Bromide Radiolysis in Emulsions 


Consideration will be given to decomposition by ionizing radiation (radiolysis) ` 
of the ionic silver bromide (AgBr) molecule in this section. This process is 
fundamental to the formation of a latent image in a radiographic emulsion. 
The discussion will include an analytical relationship between the optical density 
of a processed film and the dose in the original emulsion. 

Emulsions usually contain between 40% and 80% (by weight) AgBr crys- 
tals, suspended in a gelatin (40). The gelatin provides a support matrix for 
the crystals during handling and exposure, yet allows access for developing - 
chemicals later. In radiographic film emulsion layers are usually made to adhere 
to both sides of a nearly transparent base (polyester), which provides mechanical 
support. In this stable configuration, the latent image is the spatial pattern of . 
AgBr crystals sensitized by radiation prior to development. Sensitized crystals 
are subject to the action of a chemical developing solution. Nonsensitized crystals 
are more difficult to develop. PS 

The process of latent image formation in an emulsion requires several 
steps. Some phenomena involved are unusual if not entirely unique to AgBr 
crystals. The size and shape of AgBr crystals used in x-ray emulsion are illus- 
trated in Figure 12.15. The electronic properties of AgBr are best described 
with reference to the electron energy bands. The band gap in AgBr is about 
2.5 eV (3); thus the crystals would ordinarily be classed as insulators. In many 
cases iodine and sulfur impurities can be identified in the AgBr used in emulsions: 
Electron traps are quite numerous, and some are associated with the impurities. 

AgBr crystals are unusual since they support ionic conductivity very well 
(41); i.e. electrical charge can be transported in these crystals by the motion 
of positive ions. This property is a characteristic of several types of alkali halide . 
and silver halide crystals. Ionic conductivity can occur by several mechanisms 
(3). We discuss only interstitial migration and vacancy position exchange. 

In Table 12.1 the lattice spacing in some ionic crystals was compared 
with the ionic radii. From the values given for AgBr, it is not surprising that 
there is sufficient space for interstitial Ag* to move easily between lattice sites. 
At the same time, a silver ion vacancy can move through the crystal by a 
succession of ion-transfer processes from lattice sites into vacancies. 
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Non-sensitized crystal 
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1 um 
Figure 12.15 Two silver bromide 
crystals are illustrated. The sensitized 
"WT crystal has several free silver (black) 
Sensitized crystal TX. 


By analogy to Equation 12.29, the expression for the probability per second, 
р, for thermal excitation of Ag* lattice ions over an energy barrier of height 
«а 15 


p = јехр(—еа/кТ 9) i (12.32) 


where k is the Boltzmann constant, T° is the absolute temperature, and f is 
the striking frequency on the barrier. For this case, са is called the activation 
energy. In ionic crystals, it is attributable to the charges on the surrounding 
ions. Table 12.6 shows some activation energies for interstitial motion and va- 
cancy exchange in alkali and silver halide crystals (3). The low energies for 
AgBr indicate that the transport of positive charge in AgBr crystals is relatively 
easy. Also shown on the table are values for the energy of formation of Frenkel 
defects. This is also relatively low for AgBr. Thus, AgBr crystals are likely to 
be relatively rich in mobile interstitial Ag* ions. 

A detailed explanation for the latent image in AgBr emulsion was presented 
by Gurney and Mott in 1938 (42). Their basic hypothesis is widely accepted 
although not uncontested (43). In the Gurney and Mott theory, latent image 
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Table 12.6 Activation Energies for Positive Ions 


Interstitial 
Vacancy Exchange Motion Frenkel Defect 
Crystal (eV) (eV) (еу)“ 
Sodium chloride (NaCl) 0.86 2.02 
Lithium fluoride (LiF) 0.65 2.68 
Lithium iodide (Lil) 0.38 1.34 
Silver chloride (AgCl) 0.39 0.14 1.43 
Silver bromide (AgBr) 0.25 0.11 1.12 


Data from Ref. 3. 
? Divide these values by 2 to apply them to Equation 12.32. 


formation can be divided into the following steps after exposure of a crystal 
to ionizing radiation: 


1. The radiation produces electron-hole pairs in the crystal. 

2. Some electrons are trapped at impurity sites or defects. 

3. Silver ions migrate to sites holding trapped electrons and react, yielding 
atomic silver Ag?. 

4. Holes migrate to the crystal surface and release bromine. 

5. Further trapping and migration occurs until clusters of Ag? atoms exist, 
some of which are large enough to catalyze later chemical development. 


The electron-hole pairs produced in the AgBr by the ionizing radiation 
are the result of collisional energy losses of the fast charged particles in the 
crystal. (Photoelectric effect may be the dominant contributor at optical energies.) | 
The charged particles may be from a primary electron beam or they may be | 
secondaries from photon or neutron beams. For relatively high energy beams, 
a substantial number of pairs are produced in a single pass of the charged 
particle. Some of the valence-band electrons excited to conduction-band energies 
are eventually trapped. When silver sulfide is present as an impurity, the sulfide 
ion positions are often identified as trapping centers and called sensitivity specks. 
Traps occurring near the surface are of most significance since they lead most 
directly to sensitized crystals. 

The most important immediate consequence of an electron in a trap is 
that the surrounding electric field can attract a mobile silver ion. Gurney and 
Mott assumed that the ions were located interstitially and associated with Frenkel 
defects (42). Whatever the source, the Ag* ions migrate to the trapped electrons 
(labeled (e^ ©) and the reaction Agt + — Аро follows. Simultaneously, 
many of the residual holes migrate. to the crystal surface; they can be trapped 
by a Br~ ion near an imperfection. If the hole is shown as (+), the reaction 
that occurs may be indicated by Br- + (Б) > Br. The bromine liberated in 
this way may diffuse into the gelatin in the emulsion. 

One Ag? atom on the surface of a crystal is usually not m to sensitize 
it; a cluster of silver atoms, the minimum number between 3 and 6 (43), is 
usually necessary to effectively catalyze development. In the process of accumu- 
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lating a cluster, it may happen that a single Ag® atom acts as a trap for a 
second electron. The resulting negatively charged site can attract another mobile 
Ар“ ion and free silver formation can occur again. Thus, cluster growth can 
take place atom by atom. This simple stepwise process may be over simplified 
when ionizing radiation is utilized. By some process several Ag? atoms must 
accumulate locally. Figure 12.15 shows a i erystal with a collection of very large, 
black latent image centers. 

In the paragraph to follow it will be useful to relate пл, the number of 
AgBr crystals per unit area sensitized by ionizing radiation, to mao, the total 
number of crystals per unit area in an emulsion. Suppose the radiation dose 
D applied to the emulsion is the primary physical parameter governing the 
na/Nao ratio and suppose the boundary condition is na = 0 when D = 0. If 
Ср is the sensitizing probability per unit dose and if traversal by a single charged 
particle is sufficient to sensitize a crystal, Cp is independent of D. The equations 
below follow from a development similar to that given in Equations 12.31: 


dna = Ср(пдо — п АО, пл = nao[1 — exp(—CpD)] 802533). 


The form of this relationship was obtained by different means by Silberstein 
in 1922 (44). It is usually appropiate for ionizing radiation but not appropriate 
for exposures utilizing visible light. 

Many sources of information are available on the chemistry of the develop- / 
ment of photographic film (45). Suffice it to say that developing solutions prefer- 
entially reduce the Ар“ ions іп AgBr crystals possessing latent image centers 
on the surface. Chemical or direct development involves reduction of the Ag* 
ions from the sensitized crystal directly into Ag? at or near the site. | 

Organic molecules containing aromatic groups are often used as developing 
agents. Hydroquinone and phenidone are commonly used in solutions for radio- 
graphs. Solution temperature, concentration, and time of development affect 
the amount of AgBr reduced. In any case, substantially more black atomic 
silver is deposited on the film after development than was present in the latent 
image. The development process produces a very large gain in blackness, perhaps 
108. 

After fixing with a thiosulfate solution, washing and drying, a quantitative 
measure of the amount of silver deposited on various areas of the film may be 
of interest. The optical density is the relevant physical variable in this situation 
and is obtained by measuring the film's light transmission. The optical density 
(OD) is the logarithm to the base 10 of the ratio of the visible light fluence 
incident on the film, ф;, to that fluence transmitted through the film, фе: 


Е ЕШ при и 
| OD = log 7 log Tm (12.34) 
where Тт is the light transmission. Small-diameter light beams are necessary 
when OD measurements are made because they produce minimum scatter. 

In 1913 Nutting developed an equation (46) for the OD of film in terms 
of the number of crystals per unit area reduced and deposited, and the average 
cross-sectional area of the developed silver globules. A similar result can be 
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obtained by a different method if we suppose that the number of developed 
crystals per unit volume is n, and the average cross-sectional area of the reduced 
silver globule is (с). Consider first an emulsion with average thickness (t). For 
a light fluence ф from a viewbox or light source, 


| И E =) Га. nese) = под 


фи/ф = exp(—n(t\(o)), op = IOLO ONONE] = 0.434n, (ог) (12.35) 


The number of globules per unit area is n4 — n,(t). The algebraic derivation 
used for Equation 12.35 assumes that every light photon striking a developed 
silver globule is absorbed and that there is no overlap between developed globules 
in different layers. Under these limitations the OD is directly proportional to 
the area density of the deposited silver. 

A more comprehensive result can be obtained from Equations 12.33 and 
12.35 if the number of sensitized crystals per unit area can be equated to the 
number of developed silver globules per unit area: 


OD =0. 434(о)пл o[1 — exp(—CpD)] .. (12.36) 


This result is plotted on Figure 12.16, with a linear abscissa (left) and a loga- 
| rithmic abscissa (right). The linear plot is often called a sensitivity curve or 
sensitometric curve; the semilogarithmic plot is often called the characteristic | 
curve. When visible light is involved, even the sensitivity curves have a pro- 
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Figure 12.16 Sensitivity curves for direct exposure by x-rays and visible light are shown 
at left. The semilogarithmic plots of the same data shown at right are often called the 


characteristic curves. No comparison of relative film seniti to light versus x-rays 
is intended. Adapted from Ref. 47. 
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nounced sigmoid shape (47). If the radiographic system is to be used for dosi- 
metric purposes, the sigmoid shape causes an unnecessary complication; thus 
film packs without screens are often preferred. 


12.6 Problems 


| 


10. 


Suppose atoms are equally spaced along the x axis with separation а = 
3A. Calculate the difference in a energy between a free electron state 
with 1 =N/2 and one with [= 


. A perfect diamond appears кү cadmium sulfide is yellow -orange, 


and crystalline silicon has a metallic gray color. Relate these facts to the 
band gaps for each crystalline substance. 


. The conversion efficiency of energy to light for crystalline NalI: ТІ is about 


13%. If all of the energy from a 1-MeV photon were absorbed in the crystal, 
estimate the number of light photons produced. Use the energy correspond- 
ing to the maximum of the spectral emission curve. 


. The light conversion efficiency for crystalline GdzO2S:Tb is about 1896. 


If all of the energy from a 30-keV x ray were absorbed in the crystal, 


estimate the number of light photons produced. Use the energy correspond- 


ing to the dominant peak in the emission spectrum. 


. Why does the cross section for volume plasmon production change so rapidly 


at about 20 eV in aluminum? Justify your conclusions using harmonic oscilla- 
tor calculations with hw = 7i /k/m. The restoring force constant is k =nye?/ 
€o and the electron density is ny = (1.8)1029 electrons/m?. 


. Silicon electronic devices often show more stability to high temperature 
"environments than equivalent germanium devices. Calculate the ratio of 


the intrinsic carrier density for these two semiconductor materials at room 
temperature (22°C) and at 38°C. Relate your results to the temperature 
stability of electronic components. 


. Calculate the electron density for silicon under intrinsic conditions at 300 


K using Equation 12.15 and values from Table 12.3. 


. The resolution of a charged-particle detector is defined as the full width 


half maximum (FWHM) in energy of the spectral peak divided by the 
energy of the charged-particle deposited in the detector. Suppose 1-MeV 
electrons are completely stopped in the active volume of a germanium detec- 
tor. What is theoretically the best resolution the detector could have for 
10096 collection efficiency? Use the standard deviation from the Poisson 
distribution and relate it to the FWHM. 


. Suppose the depth of a trap in a lithium fluoride thermoluminescent dosime- 


ter is 1.2 eV and the frequency factor is 8 X 10!! Hz. What is the half- 
life of the trap at room temperature QC What is the half-life at a 
readout temperature of 250°C? 

Suppose it takes 0.65 eV to produce a positive-ion Frenkel defect in lithium 
fluoride. Is it possible for a 1-keV electron to produce such a defect in a 
head-on collision with the Li* lattice ion? 
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11. 


[2% 


‚Ме 


14. 


Suppose a silver bromide crystal has а mean diameter of 1.0 pm. How 
‘many electron-hole pairs are produced in the crystal by the passage of a 
single 1-MeV electron? 

Calculate the fraction of the Ар" ions associated with Frenkel 72,7 іп 
silver bromide at room temperature (22°C). Calculate the fraction of the 
Ар“ interstitials that are mobile at room temperature in silver bromide. 
Assume a single crystal with only 6 Ag® atoms is developed. Calculate 
the maximum blackness gain due to development of this crystal. Assume 
that the crystal is equivalent in size to a sphere with diameter 1 jum. 


Silver bromide film shows 20010 sensitivity curves for exposures with visible 
light. Why is this? 
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13.1 The Liquid State 


The geometrical arrangement of molecules in a liquid is intermediate between : 
the random arrays characterizing gases and the rigid ordering of a crystalline . 
solid. Intermolecular forces in the liquid state are sufficient to produce a contigu- 
ous macroscopic mass in a containing vessel but insufficient for rigidity. On 
the atomic scale, there is a short-range or local order in the molecular arrange- 
ments of liquids. Although there is no periodicity, each molecule has a set of 
nearest neighbors whose positions fall within a narrow range of distances. On 
the other hand, thermal energies are sufficient to produce constant changes 
in the geometrical configurations, and intermolecular movement is unceasing 
(1-3). 

Considerable variety exists in the intermolecular forces occurring in differ- 
ent liquids (2). Nevertheless, it is generally true that liquid-state forces are 
strongly repulsive at very short distances (hard core). When chemical bonding 
is not involved, the forces are only weakly attractive in a restricted range of 
intermediate distances. They diminish in strength very rapidly thereafter. Part 
of the short-range repulsive component is due to interpenetration of molecular 
electron clouds. In addition to the electron-electron repulsion, the positive nu- 
clear cores repel each other.strongly when interpenetration is substantial. 

The intermolecular attractive force is often called the Van der Waals force 
(2, 4). It is electrostatic in nature, but operates for electrically neutral molecules. 
An electric dipole moment is central to the description of Van der Waals forces; 
in some cases a permanent moment is involved, but more often the moment 
is transient. Suppose one end of a neutral: molecule has an excess of positive 
charge while the other end remains negative. If several such molecules are in 


315 


316 Ionization, Excitation, and Dissociation in Molecular Solutions 


proximity, a cohesive energy will result from the attraction of the positive end | 
of one for the negative end of a neighbor. | 

Assume that an electric dipole moment d exists оп a given molecule at 
some instant of time. The magnitude of d is equal to the product of the excess 
in positive charge on one end of the molecule and the distance between the 
charge distributions at opposite ends. The vector direction points from перануе 
charge to positive charge. The electric field E at distance r from the dipole 
center can be written (4, 5) 


iy 1 қ 
E(r,0) Geet —f 3dcos до (13.1) 
0 


where Ө is the angle between vector d and the radial unit vector f. 

A dipole moment d' can be induced on an adjacent molecule in the field 
of the first dipole. If the polarizability is a, the dipole moment is d' — aE. 
The potential energy of the dipole-dipole configuration is 


VW(R)—-—E-d'——E-aE - 


=а E 6d? cos? 0 4 9d? cos? 4 
~ (тег R$ R$ МӘ „| 


Ec ae +3 a ву: (13.2) 
Here R is the distance between the centers of he dipoles. 

Equation 13.2 shows that the dipole-dipole cohesive potential energy varies 
as the inverse sixth power of the distance and the square of the electric dipole 
moment. The force producing such a potential is always attractive sincé d? 
and cos? Ө are always positive. The force diminishes very rapidly with i ursine 
dipole separation. 

A polar molecule has a permanent electric dipole moment. Although most 
molecules are not highly polar, they are usually polarizable. Transient molecular 
dipole moments can be expected since atomic electrons are in constant orbital 
· motion. Transient polar configurations can induce transient antiparallel moments 
in neighbors. On the average an attractive dipole-dipole force can be expected 
in this situation. 


The total potential energy between two molecules in a liquid can be repre- 
sented by (2, 6) 


A B — 

Vg p (13.3) 

The coefficients 4 and B depend on the liquids involved. Equation 13.3 is the 
Lennard-Jones potential (7), suitable for nonpolar or weakly polar liquids. The 
term —A/R® represents the dipole-dipole attractive component similar to that 
of Equation 13.2. The term B/R'? represents a repulsive part that dominates 
at small intermolecular separation. The total molecular cohesive energy at equi- 


RADIAL DISTRIBUTION FUNCTION 
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librium separation due to the Van der Waals force is usually between 0.01 
and 0.1 eV/molecule (2, 4). 

Liquid-state forces maintain cohesion but are insufficient to resist shearing 
stresses. They produce short-range order, but can not establish periodicity. Liq- 
uid-state ordering сап be described (2, 6) by a radial distribution function g(r). . 
If a particular molecule is taken to be at the origin of a coordinate system | 


and dN is the number of liquid-state molecules in a spherical shell with volume 
4r r?dr, 


g(r) амо (13.4) 
4m r?nydr 

where пр is the average number of molecules per unit volume for the liquid. 
Figure 13.1 shows a radial distribution function for the gaseous, liquid, 
and solid (crystalline) forms of a metal (8, 9). Тһе gaseous state is represented 
by the horizontal line at g(r) = 1; density fluctuations are ignored on the figure. 
For the crystalline solid, only thermal vibrations and minor defects are assumed 
to perturb the fixed molecular positions in the periodic array. Thus, a set of 
narrow discrete lines are shown. For the liquid state, maxima are apparent in 
a continuous functional form. For liquids, when ғ is small, g(r) = 0 but increases 
to a peak thereafter. Beyond the peak the distribution function oscillates about 

an average, with g(r) = 1. At large distances the oscillation damps out. 


| 


r(A) | 
Figure 13.1 The radial distribution functions for the gaseous, liquid, and 
solid (crystalline) states of a metal are illustrated schematically (8, 9). 
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The region where g(r) is small includes a volume surrounding the central 
molecule through which it is relatively free to move. The first peak in the 
distribution function represents a shell of nearest neighbors (2), which is quite 
well defined. Secondary peaks represent secondary shells of neighbors that are 
not as well defined. 

The effect of temperature on liquid-state ordering is illustrated. on-Figure 
13.2 with water as the example (10, 11). At 4°C there is a well defined shell 
of nearest neighbors at about 3A from the central molecule; a secondary shell, 
less well defined, exists at about 5A. The distribution function at 100°C shows 
maxima that are considerably less distinct. Thus, increased thermal energy tends 
to destroy the order and randomize the array. 

The region of relatively free movement at small r and the shell of nearest 
neighbors is common to most liquids. The situation suggests a model wherein 
a given molecule in a liquid is confined to a cage of neighbors during short 
time periods (2). Figure 13.3 illustrates such a model. The cage is constantly 
being deformed, broken apart, and then reformed because of thermal motion. 
The central molecule in each cage moves back and forth across the region of 
freedom in a relatively unrestricted manner and collides with nearest neighbors 
at the wall. 

The frequency of collisions, је, with the neighboring molecules and mean 
time between collisions, тс, can be crudely estimated for a liquid using the 
cage model. If the molecular speeds v have a Maxwellian distribution, the 
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Figure 133 A two- 
dimensional cage of 
nearest neighbors is 
illustrated for a liquid. 


average collision frequency can be estimated from the average distance (d) be- 
tween collisions: 


| (TQ (13.5) 


1 

(0) (8SKT?/mMy? fe 

where (v) = (8kT°/m М)!'2 is the Maxwellian average speed, k is Boltzmann’s 

constant, T° the absolute temperature; and M the molecular mass (12). The 
variable (x) is the average ‘chord length for a spherical cage of radius r. 

The random probability P(x)dx of occurrence of a chord of length between 

x and x + dx can be determined by considering a hypothetical cylindrical 

shell with length between x and x + dx and radius between a and a + da 

that is inscribed within the spherical cage (see Figure 13.3). The ratio of the 

area of the end of the cylindrical shell divided by the cross-sectional area of 

the sphere equals the random probability desired. Thus, 
_ |2тааа!| 


P(x)dx (x/2)2 + a? = ғ, 


2xdx xdx 
= -— a 13.6 
— — = —2айа, P(x)dx= Эт? (13.6) 


The average chord length is obtained from 


| хР(х)ах | x? dx 
ПЕН AEN ДЬ м (13.7) 


(x) = 
| Pena | Га 


where d. is the diameter of the spherical cage. 
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Two identical molecules make contact when their centers are separated 
by dm, the molecular diameter. Thus, the cage diameter must be reduced by 


twice the molecular diameter to obtain the average distance between collisions. 
Then 


(а) Ота ас de | 
ed Мей сена o. (13.8) 
(0) (SKT9/mMy? f. 
Equation 13.8 can be used to estimate the mean time between collisions for 
water molecules using the information on Figure 13.2. If d. = 2(3A) = 6A 
and the molecular diameter is taken as 1.4A (13), Te = (2)10713 s at 293 K. 
This value is an order of magnitude estimate for the period between liquid- 
state collisions in water (14). 


13.2 Water Structure 


Water is an appropriate example for further discussion because it is commonplace 
and occupies a special prominence in living systems. Human cells are composed 
of about 80% water (15). Absorption processes for radiation in water, the excited 
states produced, and the chemical reactions which take place in organic solutions 
are of basic importance in radiation science. | 

The water molecule is unique in a physical sense because it is polar and 
tends to combine in tetrahedral arrays (16). Both of these properties can be 
related to the electronic properties of oxygen, especially to the configurations 
available for bonding with other atoms. A review of atomic orbitals and introduc- 
tion to hybridization in bonding is helpful in understanding the molecular struc- 
ture. " | 

Recall that atomic electrons can be specified by. the principal quantum 
number п and the orbital angular momentum quantum number /. The orbitals 
corresponding to 1 = 0, 1, 2, 3, and so forth, are given letter designations s, 
р, d, f, and so forth, respectively. The geometrical shapes of s- and p-electron 
clouds are illustrated on Figure 13.4, where surfaces of constant charge density 
are shown. Notice the spherical symmetry of the s-electron cloud and the lobular 
configurations for each of the p electrons, oriented about the x, y, and z axes. 
Configurations for d and f electrons are generally more complex, involving 
spherical, lobular, and ring shapes (4). 

The electronic configuration of an atom can be specified by the configura- 
tions of all the individual electrons. Electronic configurations for the first few 
elements are shown on Table 13.1. The table is constructed according to Hund's 
rule (4), which dictates that electrons in a subshell do not pair their spins 
until all orbitals of equal energy are populated. 

Hybrid orbitals are combinations of atomic orbitals with specific geometri- 
cal configurations. Hybrid orbitals between s and p electrons sometimes form 
covalent systems with reduced total energy. Prior to bonding they represent 
an excited configuration of the electrons in the atom. Elements with 2s and 
2p electrons often show hybridization in bonding (9, 17). 
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с sp! | 


Figure 13.4 Geo- 
metrical shapes of 
surfaces of constant 
electron density are 
shown. а) s electrons; b) | 
| P» Py and p; electrons; 
C) sp!, sp?, and sp? hybrid. 
orbitals. | | 


Suppose a 2s state is mixed With’ à single 2p state to form sp! hybrids. 
In this case the hybridized electron orbitals project from the parent at 180° 
as illustrated in Figure 13.4. If a 2s state is mixed with two 2p states, the 
resulting configurations are called sp? hybrids. These orbitals project at 120° 
from the parent in a planar array. If a 2s state is mixed with three 2p states, 
the configuration has electron density lobes forming the corners of a tetrahedron 


Table 13.1 Atomic Structures of Some Elements 


. Atomic йаа 
Number Atomic mon eee 
Element (z) Structure Is 2s E2: 2py 2p 
Hydrogen (H) І 15 1 
Helium (He) 2 152 1! 
Lithium (Li) 3 15225 tl 1 
Beryllium (Be) 4 152252 П tl 
Boron (B) 5 1522522р 11 fa 1 
Carbon (С) 6 15205229200 11 tl 1 t 
· Nitrogen (М) 7 1522522рз ma tl 1 1 
Oxygen (O) 8 :1822522р“ tl tl Tl 


а 1, Spin up; l, Spin down. 


322 Ionization, Excitation, and Dissociation in Molecular Solutions 


with included angles of 109.5°. This hybrid configuration is labeled sp? and is 
also illustrated on Figure 13.4. For a carbon parent atom, the molecules acetyl- 
ene, ethylene, and methane are examples of molecules with sp!, sp?, and sp? 
covalent bonds, respectively. The geometrical configurations (4) relate У 
to the hybridized carbon configurations. 

The oxygen atom in the water molecule provides an excellent Nu. 
of the effects of hybridization. The oxygen 2s and 2p electrons normally are 
part of the configuration (1522522р,22р,2р,). When oxygen m = 2 states are 
fully hybridized, six sp? configurations result. Two contain unpaired electrons 
available for covalent bonding and the others are paired sets, the so-called “lone | 
pairs." The tetrahedral configuration of the water molecule is related to this 
hybridization, since the two lone-pair lobes point toward adjacent corners of 
a tetrahedron and two unpaired electron lobes point toward the other corners. 

For the water molecule, each of the oxygen unpaired electron hybrid states 
form a covalent bond with a hydrogen atom. The bond length is 1.0À and 
the bonding energy is 4.7 eV in this case. Actually, the angle included between 
the covalent bonds with the hydrogen atoms is 105° for water, rather than 
109.5° for the perfect tetrahedral configuration, because of electrostatic distortion 
(16). 

The polarity of the water molecule is a result of the configuration of the 
bonded hydrogen atoms and the sets of lone-pair electrons. In the covalent 
bonding configuration, part of the electronic charge normally surrounding a 
hydrogen atom is preferentially maintained between the hydrogen and oxygen 
atomic centers. Thus, the extended hydrogen atoms are each partially electron 
deficient and when taken together they form a region with a net positive charge. 
The two sets of lone-pair electrons on the oxygen atom opposite the hydrogen 
atoms produce a region where negative charge dominates; thus, the neutral 
water molecule has a strong electric dipole moment. 

This polar situation is ideal for hydrogen bonding between adjacent water 
molecules. Each of the positive hydrogen atoms seeks a lone pair of electrons 
on a neighboring oxygen atom. The hydrogen bonds formed are intermediate 
in strength between covalent bonds and Van der Waals forces. When the hydro- 
gen atoms are on a line between two oxygen atoms, the hydrogen-bond energy 
is about 0.2 eV (16). | 

In the liquid state, an array of hydrogen-bonded water molecules forms 
with oxygen atoms about 3A apart (16), located-at the four corners of a tetrahe- | 
dron. The configuration is illustrated in Figure 13.5. It is a direct result of 
the geometrical shape of the sp? hybridized oxygen orbitals. Thus, in the ideal 
case, each molecule participates in four hydrogen bonds, one for each hydrogen 
atom and one for each set of lone-pair electrons. However, some distortion 
and bond bending occurs since the included angle is 105°. Indeed, at any instant 
of time in liquid water, many hydrogen bonds are strained and perhaps 20% 
to 40% are broken (16). There is continual intermolecular movement, so a 
given configuration may last only about 10712 s (18) before alteration and refor- 
mation takes place. 

When ions are dissolved in water, there is some reformation of the local 
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Figure 13.5 The tetrahedral structure of liquid water is shown for the 
[ideal case with complete hydrogen bonding. 
| | 


water structures around the charged species. The water dipoles are expected 

to be oriented Бу the ionic charge, at least in the first shell of nearest neighbors. 

The hydrated electron, eza, as shown on Figure 13.6, is a good example of: 
such a situation (19). This species forms after thermalization of electrons liberated 

from their parent structures by radiation in water. In general, an electron is 

associated with four to six water molecules. Since the dielectric relaxation time 

of water is about 10711 s (18), at least this much time is necessary for the 
water molecules to break hydrogen bonds and align themselves with the ion. 

The situation for positive ions in a water solution is similar to that for thermalized 

electrons; hydration is expected, with the water dipoles pointing away from a 

positive ion. 


13.3 Molecular Energy Levels 


Energy. level diagrams for atomic systems are insufficient when the atoms are 
bound together into molecules. Molecular energy level schemes are. generally 
more complex than atomic schemes because of the extra degrees of freedom 
associated with spatial configurations and because valence electrons pee. 
in chemical bonding can participate in several energy states. 

· The total energy E for a molecule can be described by (20) 


[BE SERERE. + Eat (13.9) 


^ 
~ 
(2) ~ 63 Figure 13.6 Hydration 
of a free electron in water 
solution is illustrated. 00 
| Arrows represent water 
| molecules. 


where Е, is translational energy, Е, is rotational energy, E, is vibrational energy, 
and E, is electronic energy. 

There are three degrees of translational freedom corresponding to the’ 
three directions of space. According to the equipartition of energy principle 
(12), each degree of freedom has kinetic energy КТ /2. The average transla- 
tional kinetic energy (Т) is related to the absolute temperature T° by (T) = 
3kT° /2, where k is the Boltzmann constant. For molecules free of confinement, 
the allowed translational energies form a continuous distribution. Translational 
kinetic energy is an eventual respository for excess rotational, vibrational, and 
electronic energies. NT. 

Rotational energies must be considered when molecules are free to turn 
about an axis through the center of mass. Rotational motion is quantized: in 
the gaseous state, discrete transitions are readily observable: in the more dense 
states, restrictions on movement may occur. In liquids, rotations are possible 
(21) when the cage of nearest neighbors is sufficiently large and well defined. - 
Rotational level spacing is of the order of a few hundredths of an electron | 
volt in the gaseous state. In many cases individual levels can not be resolved 
in more dense matter. 

Molecular vibrational energy levels occur when the atomic nuclei oscillate 

about the molecular center of mass. The level spacing is usually a few tenths 
of an electron volt. The level positions can be perturbed by fields from the 
surrounding molecules in high-density physical states. Molecular electronic levels 
resemble the levels of the constituent atom except when valence electrons are 
involved in chemical bonding. In any case the electronic level spacing varies 
over a wide range, from a few electron volts for valence electrons to many 
kiloelectron volts for tightly bound K electrons in high Z atoms. 

The overall energy level configuration for a molecule is a superposition 
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of the levels resulting from different effects, as illustrated on Figure 13.7. Vibra- 
tional levels are effectively superposed on electronic levels, and rotational levels 
are superposed on the vibrational levels. Thus, the resulting array of energies 
can be very complex. 

Consider the simple case of rotation of a diatomic molecule % 22). The 
rotational angular momentum L, is quantized: 


L, = То = ЈУ ЈОЈ Жут J=0, 1,2,3. (13.10) 


where I is the molecular moment of inertia about a rotational axis through 
the center of mass, w is the angular speed, and J is the rotational quantum 
number. The rotational energy Е, is given by 

1 Lr? J(J + 1)h? 


Er === Iw? = = : (13.11) 
2 iu ЈЕ 2I | $ 


According to Equation 13.11 the spacing between rotational levels depends 
inversely on the moment of inertia about the center of mass. In general, successive 
levels occur at 0, 2, 6, 12, and the like, units of 12/21, so the level spacing 


occurs in the sequence 2, 4, 6, 8, and so forth, respectively, as shown on Figure 
13.7. In many actual diatomic molecules, the configuration i is stretched during 
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Figure 13.7 The energy levels of a molecule free to rotate and vibrate are illustrated. 

The rotational levels are clearly shown only in the magnified circular region because | 

of the narrow spacing. Adapted from A. Beiser, Concepts of Modern Physics (McGraw- 
Hill, New York, р 
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rotation and the moment of inertia increases. This results in NE the discrete 
rotational energies (22). 


In general, for a polyatomic molecule, rotations can occur about гес 
perpendicular axes passing through the center of mass. Then 


L= a + Ly? + L2) = J(J + Ih, 


ду | 
ТА ы 7 (13.12) 


Mom. гч 


If there exists a unique axis of symmetry for the molecule, such that I, = I, 
the energy level structure can be further analyzed in terms оҒа rotational quan- 
tum number К where L; = AK, K = 0, +1, +2, . If there is no axis of 
symmetry, a general form for energy can not be ут so easily, and each 
case must be considered separately. 

Molecular internuclear vibrations depend on the resilency of the chemical 
bonds involved, particularly covalent bonds. A short digression on the origins 
of the covalent bond is in order at this time (9). Consider constituent atoms 
A and B with atomic wave functions V4 and Yg representing the respective 
electronic configuration, as shown on Bpm 13.8. Atoms A and B can be 


\ 


Figure 13.8 Wave 
functions for electronic 
charges are shown at left 
for the case Ya + а 
(bonding) and Ya — а 
(antibonding). Contours 
of electron probability 
density are shown at ` 
right. 
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brought together with two different wave-function configurations: If the two- 
atom system wave function is represented by W4 and Фр, at the equilibrium 
separation, the wave functions overlap and a buildup of electronic charge between 
the positive atomic cores is expected. This is a bonding configuration, since 
the positive cores are each attracted to the residual internuclear negative charge. 
In this situation the energy of the atomic combination is lower than the energy 
of the separated atoms. In the antibonding configuration Va — Wz, the electron 
charge density vanishes between the positive nuclei, and the repulsive force 
between the cores dominates. 

. The potential energy diagrams for the bonding and antibonding cases аге 
shown on Figure 13.9 as a function of internuclear separation R. The antibonding 
potential energy has a 1/R dependence characteristic of a repulsive coulomb 
force. The potential energy curve for the bonding configuration includes a well 
with a minimum at separation distance Re. The well occurs because of the 
attraction of the nuclear centers for the confined electronic charge. A short- 
range repulsive part attributable to interpenetration of atomic electron charges 
is also involved. The covalent bonding potential energy curve is well represented 
by a form from Morse (23): 


V(R) = Ка [1 — exp[—a(R — Re)]}? — Vr (13.13) 


with width parameter а and depth parameter Ив. 

Internuclear vibration in molecules involves an oscillation in internuclear 
separation distance R. Thus, pairs of nuclei are assumed to move apart to a 
maximum value of R (amplitude) and then to come back together again. The 
chemical bonding force provides the impetus for restoration. For small ampli- 
tudes this motion reduces to a harmonic oscillation (14). If R — Re < 1/а, 


| . 


INTERNUCLEAR 
DISTANCE 


"ENERGY 


Figure 13.9 Potential energy curves for a bonding configuration (well) and 
an antibonding configuration are shown. 
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€ — Re)]=1—a(R — Re) 
{1 —exp[—a(R — R)]? -a(R —R)? . (13.14) | 


For this case a parabolic potential form V(R) results. The restoring force F 
is proportional to the displacement from the equilibrium separation: 


V(R) = Vsa(R — Re)? — Vp Е-- 


jk = 2 Vga? 
(13.15) 


The potential energy expression in Equations 13.15 is analogous to a harmonic 
oscillator potential if k is the restoring force constant: 

The oscillation frequency v is determined by the force constant k and 
the reduced mass М, of the center of mass. Since the vibrational energy E, is 
quantized, | 


Е, =(0) + ће, v=0,1,2,3,..., 


о 1 
| = — == k M, =1 (13.16 
OF Eo / /т ) 


where v is the vibrational quantum number and 7 is the period of the oscillation. 
A zero-point vibration exists with energy Eo = йо when v = 0. Energy 
levels are equally spaced (йо) when oscillations have small amplitude, as indi- 
cated on Figure 13.7. Equations 13.16 can be used to estimate vibrational periods 
for atoms bonded together; they are of the order of 10714 to 107} s (14, 20). 

For large-amplitude, high-energy oscillations, anharmonic motion compo- 
nents are included and the molecular potential does not have a parabolic form. 
In this situation the potential well becomes wider at the top (14), and the 
level spacing decreases near the energy zero. Other terms that are proportional 
to higher powers of (v + %4)hw can be added to the energy expression in 
Equation 13.13 to describe this situation more closely. Vibrational motions with 
kinetic energy greater than Рр will have sufficiently high amplitude to produce 
dissociation of the involved chemical bond. This is discussed in Section 13.5. 

Molecules composed of several atoms can vibrate in several different modes. 
A. normal vibrational mode is one in which the oscillations of the individual 
molecules are in phase. Generally all possible oscillations can be analyzed into 
combinations of normal-mode oscillations. Figure 13.10 shows the three normal 
modes for the water molecule together with associated energies in the vapor 
phase (4). In a solution the energies and frequencies listed will be perturbed 
by the surrounding media (21). For very large molecules with many atomic 
constituents, some of the normal modes of vibration will involve groups of 
atoms vibrating more or less independently of the rest of the molecule. Thus, 
the —OH group has a characteristic vibrational frequency of 1.1 X 10“ Hz, 
and the --МН; group has a frequency of 1.0 X 108 Hz. The characteristic 
vibrational frequency of a carbon-carbon unit depends upon the number of 
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Figure 13.10 The normal modes of vibration of the water molecule are shown, together 
with vapor-state values for the separation between energy levels (4). 


| | | 
bonds between the C atoms: the —C—C— unit vibrates at about 3.3 X 1013 


Hz; Х-< vibrates at about 5.0 X 1013 Hz; and the —C=C— group vibrates 
at about 6.7 X 1013 Hz (4). As one would expect, the greater the number of 
carbon-carbon bonds, the larger the value of the force constant k and the higher 
the frequency. However, the vibrational frequencies and energies for these groups 
are not entirely independent of the rest of the molecule. Group frequencies. 
vary from rnolecule to molecule. 

Nonvalence electron energy levels for a molecule are essentially the same 
as the levels of the constituent atoms, although the energies may be perturbed 
by the surrounding electrostatic fields. Bonding and antibonding configurations 
for valence electrons were’ mentioned in Section 13.2. In the following we will 
discuss o and v molecular orbitals and give some typical electron configurations. 

A. molecular orbital is a particular electronic configuration that is character- 
istic of the molecule taken as a whole. Molecular orbitals are usually classified 
according to the symmetry of the electron configuration about the internuclear 
axis (taken as z axis). Thus, a c orbital has cylindrical symmetry about the z 
axis. т, 5, and ф orbitals are invariant to rotation about that axis by angle 
2т/п, with т orbitals indicated by n = 1, 6 orbitals by n = 2, and so forth 
(24). Since o and 7 orbitals are most common for low atomic number molecules, 
we discuss them in some detail. 

Table 13.2 indicates that o orbitals can be formed from paired combina- 


Table 13.2 Atomic Orbital Constituents 
of Molecular Orbitals | 


o Orbitals 7 Orbitals 
5 Pr 
Pz Py 
5р" 
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tions of s, pz, and sp hybrid atomic orbitals. The т orbitals are formed from 
Pz and py atomic orbitals. Figure 13.11 is an illustration of the electron density 
. configurations for 5-5, р-р, Рұ-Р» and sp-sp bonded pairs (14, 17). Other mixed | 
combinations such as s-sp”, s-p, and p;-sp", and p;-sp", and the like are also 
possible. The figure also shows the antibonding electron density configurations. 
Notice that antibonding configurations show minimal electron charge density 
in the plane separating the atomic centers. The bonding o orbitals have a substan- 
tial localization of charge density on a line between the atomic centers. For 
the bonding т orbitals, the charge concentration is removed from the line of 
centers but is nonetheless substantial in the plane separating the atomic centers. 

Because of the concentrations of charge shown on Figure 13.11, one might 
expect the bonding o orbitals to be located at lower potential energy than the 
bonding т orbitals. Figure 13.12 shows that this is the case for molecular orbitals 
in a homogeneous diatomic bonding system. Notice that the antibonding levels 
are at higher energy than bonding levels. However, pairs of levels are equally 
spaced above and below the levels for the isolated atoms. Lone-pair electron 
levels occur at intermediate energies since they do not participate in bonding. 
. Because of the energy level spacing, when corresponding bonding and antibond- 
ing states are both filled, there is no net energy change and therefore no net 
bonding effect (14). | 


ATOMIC BONDING ANTIBONDING 
ORBITALS ORBITALS  . ORBITALS 
5-5 0. с 
COOO Oro Coe® 
Pz- P, | а | 


"ES обје 2090» 


Figure 13.11 Bonding and antibonding orbital charge distributions are — 
illustrated for various configurations. Asterisks indicate antibonding orbitals. | 
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Figure 13.12 The general energy level 

scheme for о and т molecular orbitals 
| : is illustrated. Asterisks indicate 

ATOMIC | MOLECULAR antibonding orbitals. 


О 


Figure 13.13 shows the molecular orbital levels for the heterogeneous 
molecule carbon monoxide. Note that the level sequence is similar to that of 
Figure 13.12. However, the atomic orbitals are hybridized, and these levels 
do not occur at the same energies for the dissimilar atoms. We have chosen 
to indicate antibonding configurations by the asterisk as with o-* and т”. Figure 
13.14 shows the complete energy level scheme for cytosine, a pyrimidine base 
in DNA (25). The structural form of the compound is also shown in the figure. 
The K-electron levels are not involved in bonding and are shown at energies 
of from 300 to 600 eV below the zero of energy. The L-shell atomic electrons . 
for oxygen, carbon, and nitrogen participate in т and o bonds in a variety of 
configurations and are represented as groups of levels on the figure. The arrows 
indicate groups of electron transitions that have been identified experimentally. 
Apparently, 7 > т% transitions occur from 5 to.20 eV and above; the 
с > o* processes.have higher energies. 

Each of the molecular levels illustrated on Figures 13.12, 13.13, and 13.14 
has a capacity for two electrons, one with spin up and another with spin down. 
For the usual case in molecules, covalent levels are either filled or empty, so 
the spin quantum number 5 = 0. In excited states the spins may be paired 
(s = 0) with the multiplicity (2s + 1 = 1); this state is called a singlet. If the 
spins are not all paired, the values of !^ add and s = 1. This state is called a 
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_—— Figure 13.13 Тһе 
energy level diagram for 
1:— —— g* molecular orbitals in 
carbon monoxide is 
shown. Hybrid atomic 


а f orbitals are indicated by 
| sp. Adapted from Ref. | 
Carbon CO Oxygen 14. 


triplet because of the three possible total spin orientations (2s + 1 — 3). Singlet- 
and triplet-state properties are especially important in the discussion of liquid- 
state luminescence (26). 


13.4 De-excitation Processes 


Several interesting processes can be included in the category of molecular de- 
excitation phenomena following absorption of radiation. Liquid-state lumines- 
cence is of considerable importance because of the wide-spread use of liquid 
scintillation detectors and liquid state fluorescence in research. Bond dissociation 
processes are of interest because free radicals produced in water solutions are 
precursors to chemical and biological changes induced by ionizing radiation 
in living systems. In this section an overview of several common molecular 
excited-state processes is given, including liquid-state luminescence. In the next 
section, dissociation and free radical formation are discussed. 

Molecular processes that may be involved in a de-excitation sequence are 
grouped in categories (20): | 


1. Energy transfer (intermolecular), 
2. Luminescence (intramolecular), 
3. Nonradiative processes (intramolecular). 


Ionic and free radical chemical reactions are not included in this list since 
they are assigned to а later stage in the sequence of radiation-generated processes. 
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—5- sequence (b) for cytosine аге shown (25). 


Typical groups of excitations are 
indicated by vertical arrows. 


Energy transfer between neighboring molecules occurs most often in colli- 
sions or encounters in the solution where the molecular wave functions overlap. 
In Section 13.1 it was estimated that this sort of collision may occur as often 
as 1013 times/s in water solutions. These collisions constitute an important mech- 
anism for vibrational relaxation and eventual thermalization of energy. For 
excess vibrational energy, processes for transfer to translational (V > Т), transfer 
to rotational (V > В), and transfer to vibrational (V > V) states of adjacent 
molecules have been identified (27). 

Several other intermolecular energy transfer processes which do not involve 
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collisions can also be identified. Resonance transfer of a photon from an excited 
molecule (donor) to an absorbing molecule (acceptor) can occur (20). Energy 
transfer by virtue of a dipole-dipole interaction with no photon involved is 
also known (20). | 

In Chapter 12, luminescence or radiative de-excitation was defined as the 
emission of electromagnetic energy in excess of that from thermal sources after 
energy absorption. In liquids, luminescence is an intramolecular process involv- 
ing an excited state of the emitting molecule. Fluorescence and phosphorescence 
are the common luminescent subcategories. Actual photon emission occurs in 
times that are short compared with the time necessary for substantial internuclear 
motion. This is in agreement with the Franck-Condon principle (20). Of course, 
the lifetime of the excited states involved can be much longer than internuclear 
vibrational periods. | | E | 

The scheme for fluorescence (short-lived luminescence) in a liquid system 
is illustrated in Figure 13.15 (left). The molecular potential energy functions 
for the electronic ground state and an electronic excited state are shown on 
the figure. The wells indicate that both.are bonding configurations, although 
the equilibrium internuclear separation distances are different for the two states. 
The first few vibrational levels are shown in each of the wells and the correspond- 
ing singlet states are indicated by Sy», where the quantum number n is shown 
with values 0 and 1 for the electronic states, and v is the vibrational quantum 
number shown with values 0, 1, 2, 3 on the figure. An excitation induced by 
radiation is shown as an arrow pointing upward. 

The most common occurrence is an excitation into some state Sns, with 
V > 0. Vibrational relaxation brought on by liquid-state collisions ensues until 


х, 


ENERGY 
ENERGY 


INTERNUCLEAR DISTANCE INTERNUCLEAR DISTANCE 


Figure 13.15 The liquid-state transitions appropriate for fluorescence (left) and 
phosphorescence (right) are illustrated. Wavy lines indicate vibrational relaxation. 
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another state Sno is reached. If the transition Sno > Sov follows, the photon 
energy is determined by the energies of the singlet states involved: 


Eno— Еоь = ћу  (singlet-singlet) (13.17) 


This sort of singlet-singlet transition is allowed, and the process is called fluores- 

cence (26). 

| The scheme for phosphorescence or delayed luminescence is also shown 
in Figure 13.15 (right). In this case the excitation is indicated as before, but a 

system crossing to some triplet state Ту, occurs prior to complete vibrational 

relaxation. Relaxation in the triplet system to state Tno follows. A photon is 

released in the transition Тао > Sov with energy 


Eno— Еф = ћу  (triplet-singlet) (13.18) 


Since triplet-to-singlet spin-flip transition is forbidden, the triplet state is termed 
metastable. The transition can occur, but the lifetime of the emission is relatively 
long. | | 

Scintillators are materials that emit electromagnetic radiation in short 
bursts (1). Liquids can be used as scintillators if the luminescent yield Ол for 
excited state n is sufficiently large: 


number of characteristic photons emitted : 


- (13.19) 
number of excited states formed 


On = 
This quantity is commonly called the fluorescent yield, although phosphorescent 
processes are not excluded. w is considerably less than one for the best of 
scintillators because of competing nonradiative processes. Organic liquids with 
substantial numbers of zr molecular bonds are often used as scintillators. Conju- 
gated carbon-carbon double-bond arrays around a ring structure often de-excite 
via т* — т transitions and produce characteristic ultraviolet- or blue-light emis- 
sions (26). 

Three general types of intramolecular nonradiative processes wili be in- 
cluded in the discussions to follow: 


1. Internal conversion and intersystem crossing, 
2. Pre-ionization, 
3. Dissociation and predissociation. 


This list is not exhaustive. The third category will be discussed in Section 13.5. 

Internal conversion and intersystem crossing involve the exchange of exci- 
tation energy from one electron site to another in a molecule (20). These processes 
can lead to delocalization of the excitation energy in a complex molecule. Both 
processes involve an isoenergetic crossover from one state to another. Such a 
process can occur with high probability when electronic wave functions for 
the states overlap sufficiently (20). Figure 13.15 includes an illustration of a 
singlet-to-triplet intersystem crossing (right). Phosphorescence is regularly asso- 
ciated with intersystem crossing. Internal conversion is an isoenergetic crossover 
between two singlet states or two triplet states (26). i 

The theoretical probabilities (28, 29) for ionization and excitation of a 
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water molecule are shown in Figure 13.16. The pronounced peaks are indicative 
of particular processes and specific states. The region of ionization is clearly 
indicated in the figure, and excitations are shown below the energy corresponding 
to ionization potential Ey = 12.6 eV (19). Another category of transitions 


called superexcitations is also indicated. For molecule AB, superexcitations are 
defined by 


AB + energy > (AB)*; Eer < Ey excitations, 
| Ех> Ew superexcitations (!3.20) 


where Eex is excitation energy and the asterisk indicates the excited state. Su- 
perexcitations can occur if excitation energy is localized on one atom in the 
molecule when other easily ionized systems exist at distant sites on the same 
molecule. They can occur when excitations involve tightly bound inner-shell 
electrons rather than valence electrons. Pre-ionization is the decay of a superex- 
cited state by radiationless transition into a state in the ionization continuum 
(20). Thus, when (4B)* is a superexcited configuration, (AB)* > (AB)* + ег. 
If a relatively modest excitation energy is involved, singly charged ions may 
be produced. This process is often called the Auger effect if an inner-shell vacancy 
in the atom is involved. ; 

The Auger effect (30) was discussed in Chapter 10. Since it is in competition , 
with luminescent emission, the. Auger yield У, for an excited state n can be 
related to the luminescent yield о, by 


IONIZATION 


RELATIVE PROBABILITY 


EXCITATION 


ENERGY (eV) 


Figure 13.16 The excitation spectrum for water is shown as a function 
of energy (28). 
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an 
n: 4 
QE IZ 


where a, is a constant. The analytical form involving the atomic number Z 
is an empirical approximation (31). For а K-shell vacancy, ax = (1.1)106. Be- 
cause of the Z dependence, the Auger process is expected to dominate for 
inner-shell vacancies in biological molecules. Since each Auger process leaves 
two vacancies behind in place of the one present originally, the potential exists 
for considerable disruption of the bonds in a complex molecule (32). 

| 


Ү, =1— w (13.21) 


13:5 DissociationeindaRadical Yields 


Dissociation is the severing of a chemical bond and the subsequent separation 
of a molecule into constituent fragments (1). Dissociation is one of several de- 
excitation processes that can occur after radiation is absorbed. It is often associ- 
ated with an internuclear vibration of very large amplitude. In this case the 
restoring force associated with the chemical bond is unable to bring the nuclei 
back together. Because of this, dissociation may require a time (20) comparable 
with the period of vibrational oscillations, (10714-10713 s). The dissociation en- 
ergy is equal to the depth of the bonding potential well minus the zero-point 
energy (Figure 13.9). Dissociation energies for representative chemical bonds 
are shown in Table 1.2. They usually range from 2 to 5 eV/bonding electron 
pair in organic molecules. 

Figure 13.17 shows three types of excitations often followed by molecular 
dissociation. They are: 


a) Excitation into nonbonding or antibonding electronic states; 
b) Excitation into a vibrational state with energy above the dissociation limit; 


ENERGY 
./ ENERGY 
ENERGY 


INTERNUCLEAR INTERNUCLEAR INTERNUCLEAR 
DISTANCE DISTANCE . DISTANCE 
(a) (b) : (с) 


Figure 13.17 Several dissociation processes are shown. a) Excitation into an antibonding 
state is shown. b) Excitation into a vibrational state with energy above the dissociation 
limit is shown. c) Excitation followed by crossover into an antibonding state is shown. 
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c) Excitation into a bound state followed by crossover into a state that allows 
dissociation. 


The first process includes either ionization by removal of a bonding electron 
or excitation of bonding electrons, e.g. с > o*, т — m*, and so forth. If the 
resulting potential energy diagram is repulsive and no other bonds compensate, 
separation must result. The second process occurs. whenever the vibrational 
energy exceeds the well depth; such an excitation might be the result of energy 
redistribution in a molecule or the result of a collision with an excited neighbor. 
In any case the vibrational amplitude is not bounded, and the internuclear 
distance will increase without limit if no other dissipative mechanism intervenes. 

The third process is called predissociation since the initial system must 
cross over into a nonbonding or antibonding state or one with a vibrational 
amplitude without bound. The time for predissociation is larger than the vibra- 
tion period since the time for the internal conversion or intersystem crossing 
may be significant. | 

Free radicals are atomic species or - molecular fragirients with an unpaired 
electron (9). They are often indicated by the appropriate chemical symbol but 
include a single dot on the side. Free radicals are the first products of dissociation 
and are' often involved in chemical reactions induced by radiation. Since they 
can be very reactive species, free radical reactions in aqueous solution are precur- 
sors of many radiation effects. 

The molecular effects of radiation can be due to either direct action ог! 
indirect action (33). These names do not refer to the type of radiation (photons, | 
electrons, and so forth); rather, they refer to the manner іп which the damage 
was produced. If a molecule in a solution has been damaged by direct action, 
the molecule was itself ionized or excited by the passing radiation. If the action 
was indirect, the molecular damage was the result of а chemical transfer of 
energy to the site via radicals or ions produced in the surrounding solvent. 

Since living cells are about 80% water (15), irradiation of cellular systems 
must result in interactions with water molecules. Thus, the indirect effect of 
radiation in living systems often involves the ions and free radicals produced 
in water. Ж” 

The basic ionization and excitation processes in the water molecule can 
be written as 


H20 + energy ^ H,0* + е” (ionization), 
H:O + energy ^ H;O* (excitation) (13.22) 


Calculations for the ratio of the number of excitation events divided by the 
number of ionization events give values of about 0.4 (19): 

After an ionization process, the ejected electron is thermalized and cap- 
tured in a molecular cage with N water molecules: 


e^ + МНО) — ea (13.23) 


-The hydrated electron ета, was discussed in Section 13.2. In principle the excited 
water molecule can dissociate in several ways. The most important for our 
purposes is free radical dissociation: | 
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H,O* > H- + -OH (13.24) 


H-, “ОН, and e; are usually considered to be the primary radical species 
Mu in water radiolysis (19). They may recombine on the spot or diffuse 
through the solution and engage in reactions with molecules and radicals in 
the vicinity. The average lifetime and diffusion distance for the hydroxyl radical 
“ОН are estimated at about 5 X 10-9 s and 75А, respectively. The lifetimes 
of the hydrogen atom Н: and the hydrated electron ez, are as much as 5 X 
107$ s (19). The numerical values are variable depending on the conditions 
involved. Some of the free radicals may recombine. Examples of recombination 
reactions are 


-OH + -OH > H20», | 
H: +H: >H: (13.25) 


Of course many other reactions are possible, but the species Н» and H2Oz are 
considered (19) the primary molecular products of water radiolysis. 

An important quantity used to indicate the yield of radiation products. 
is the С value. The quantity С is the number of species М; produced per 100 
eV of energy absorbed. Thus, for a charged particle with energy T dissipated 
in a molecular absorber, 


NM 1008; 
тло T 


where Т is in electron volts. Some G values for the primary radical and molecular 
products of water radiolysis are given in Table 13.3 (19). The values shown 
are averages for Со gamma irradiation or irradiation with fast electrons. They 
are functions of the ionization density of the radiation because of recombination 
and radical-radical reactions-along the track. 


(13.26) 


Table 13.3 С Values for the Primary 
Radical and Molecular Products of Water > 


Primary Radical 
and Molecular 


Products G Value 
ега 2.7 
Н: 0.6 
“ОН 257 
Н, 0.45 
H207 ~ ч ` 0.7- 


13.6 Problems 


1. Assume that the Van der: Waals potential energy is 0.04 eV for two polar 
molecules separated by 3A. If the dipoles are aligned antiparallel, calculate 
the electric dipole moment d. 
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. Calculate the ratio of the Van der Waals force for antiparallel dipoles divided 


by the force for dipoles oriented at 45°. What is the effect on the magnitude 
of the attractive force when the separation distance is doubled? 


. Calculate the collision frequency for liquid water тазаа at 4°C if the | 


cage diameter а; = 6A. 


. Using the law of cosines, calculate the angle between O—H bonds for а 


perfect tetrahedral configuration. 


. Assume that —0.5е of charge is held on a line halfway between two atoms 


separated by distance R. Each atom has a net excess charge of +0.25e. 
Is this charge configuration sufficient to bind the atoms together? 


. The carbon monoxide molecule has a length R = 1.1A. Calculate the re- 


duced mass and the moment of inertia about an axis perpendicular to the 
line between the atoms and through the center of mass. Calculate the energy 
in electron volts for the rotational level, with J = 1 for this configuration. 


. Assume L: = КА(К = 0, +1, +2) for a symmetric-top molecule with 1, 


= I,. Develop an expression for the rotational energy E in terms of J, K, 
IL, and |. 


3 T that the He molecule т like a harmonic oscillator with К 


= 573. N/m. Find the value of v for the lowest state having sufficient 
energy for dissociation. The dissociation energy is 4.5 eV. Neglect anhar- 
monic effects and the change in level spacing they produce. Estimate the 
time elapsed between excitation and dissociation for this molecule. 


. Calculate the photon energy in electron volts for 10- cm 1, 1 000-cm^! and 


30 000-cm"! transitions characteristic of rotational, vibrational, and elec- 


` tronic levels, respectively, in molecules. 


10. 


11. 


12. 


13. 


14. 


The vibrational period for many molecular modes is about 10713 s, The 
mean life for a phosphorescent emission may be as large as 1052 5. Does 


the Franck-Condon principle hold when the luminescent lifetime is much 


greater than the vibrational period? How is this possible? 

An energy of 7.4 eV is required to dissociate Н:О Ais Н- and - OH. Calculate 
this value in/kilocalories per mole. 

A ferrous sulfate dosimeter has a Fe** concentration that is 1073 M. Calcu- 
late the radiation dose Кашы to deplete the Fe** concentration to (4)107* 

M if the G value is 15.5. 

Using Table 13.3 calculate the number of hydrogen atoms, hydroxyl radicals, 
and hydrated electrons produced when a 1-MeV electron passes through 
a cell nucleus of 1-~m diameter. 

Supposing a radiochemical radical is produced with G value of 4 in a water 
solution. What is the concentration in moles per liter of the solution produced 
when 10 Gy are absorbed in the solution? If 10-5 moles per liter is the 
lower limit for identification of the radical chemically, what is the smallest 
dose one can use in an identification experiment? 
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lo 
2: 


15° 


16. 
17. 
18. 
19. 
20. 


24 


203 


23! 
24. 


25. 
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14.1 Introduction | | | 


In the preceding chapter, excited molecules were mentioned as an immediate 
result of the absorption of energy from ionizing radiation. Dissociation of chemi- 
cal bonds was discussed as an important process in de-excitation. In addition, 
because indirect radiation action is important, the physical properties of water 
were discussed and G values for many of the free radicals produced in water 
were given. These topics are forerunners of the consideration of radiation damage 
in biological molecules. They provide background for the discussion of radiation- 
induced lesions in the macromolecular targets existing in solution in living cells. 

In Section 14.2 some relationships between important macroscopic physical 
quantities will be established that are helpful in describing radiation effects on 
biological systems. In brief statements in Chapters 1 and 3, the importance of 
the absorbed dose and linear energy transfer was mentioned. The dose is often 
assumed to be continuously variable in a homogeneous medium (1) and can 
be used as a distribution function. For example, the distribution in absorbed 
dose as a function of linear energy transfer can be used in an integral definition 
of the average quality factor. The quality factor and the dose equivalent are 
useful quantities when the effects of different types of radiation are compared 
for humans. 

On a much diminished scale, a distinguishing feature of ionizing radiation 
is the concentration of deposited energy along charged-particle tracks (2). Since 
relatively small amounts of energy are transported to regions between well sepa- 
rated tracks, the energy density is not uniform on a molecular scale unless 
the track density is very large. Consideration of distributions and regional energy 
density fluctuations is appropriate in this situation. In Section 14.3, microscopic 


343. 


344 Microscopic Energy Distribution and Biological Radiation Damage 


analogs of the absorbed dose and the linear energy transfer. will be defined 
that can be used conveniently in describing local distributions in energy. Тһе” 
magnitude of radiation damage in localized regions is more easily appreciated 
with the aid of these distributions. 

Since the earliest effects of radiation occur in molecular systems, consider- 
ation of radiation damage in living systems usually involves discussions of effects 
at the molecular level. Damage in the nucleus of the individual cell, particularly 
damage to the double-stranded DNA, is important for mammalian cells. Cyto- 
plasmic damage may also be of consequence, but the cytopiasm usually partici- 
pates most directly in repair of nuclear constituents (3). Thus, targets for energy 
deposition that are the size of the mammalian cell nucleus, about 1-10 um іп 
diameter (4), should be considered. Even smaller targets the size of the DNA 
double strand, about 20À in diameter (5), are also appropriate. 

In Sections 14.4 and 14.5, some mathematical models will be presented 
that describe molecular radiation damage and cellular damage in terms of chemi- 
cal bonds that have been severed in sensitive target molecules. The models 
are presented because they are useful for introducing concepts. They serve as 
background for more complete theories of cell survival and related topics in | 
radiation biology. They are not necessarily the most realistic descriptions availa- 
ble. 


14.2 Biological Effects and the Dose Equivalent 


In Chapter 1 the absorbed dose was identified as the physical parameter most 
widely used for relating the amount of radiation delivered to its effect on a 
system. It should be emphasized that the dose is not entirely sufficient for this 
purpose. In particular, it is well known that one type of radiation may produce 
more pronounced effects than another, although the absorbed dose and time 
interval for delivery are the same for both (3, 6). This fact has led to the use 
of other quantities which relate closely to radiation effects, particularly for biolog- 
ical systems. 

The relative biological effectiveness (ЕВЕ) is often applied in experimental - 
situations when living systems or biologically active molecules are exposed to 
different types of radiation (3). The standard radiation used for comparison is 
usually taken to be x rays from a generator operating with a peak of 200 kV 
of potential (200 kVp) between the filament and target. In an experimental 
determination, the dose of test radiation, D,, must be found that will. produce 
the same biological end point as the dose for 200-kVp x rays, D,. Under these 
circumstances, 


D 
RBE= = > D; = ВВЕ(Р,) (14.1) 
t А 
The definition of RBE is quite general since the only constraint is that 


both doses produce the same end point, and the particular end point is not 
specified. In fact, the RBE may take on several different values in a given 
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experiment if several different end points are considered. For example, the RBE 
for an in vitro cellular irradiation might be quite different if the end point is 
changed from death for 50% of the sample cells to death for 95% of the sample - 
cells. 

For mammalian cells in culture, the RBE is usually greater than one 
for densely ionizing radiation. This indicates that the effective damage per gray 
is greater for densely ionizing radiation than for the sparsely ionizing secondary 
electrons from 200-kVp x rays. Figure 14.1 is a plot of RBE versus linear 
energy transfer L for several systems (7—9). The usual shape of the RBE-versus- 
L curve for mammalian cells rises from unity at low linear energy transfer, 
peaks somewhere in the neighborhood of 100 КеУ/шп, and falls at higher L 
values. 

A. rationale given to explain the increase in RBE with increasing linear 
energy transfer involves the energy transferred when directly ionizing radiation 
penetrates through a sensitive site in a cell (10): For sparsely ionizing electrons, 
the energy deposited in the local site may not be sufficient to cause severe 
damage; several traversals by several electrons may be required to cause substan- 
tive biological effects. A. densely ionizing particle striking the same sensitive 
volume is more likely to cause severe damage in a single traversal; thus, the 
RBE may be increased in the latter case. Of course, when the linear energy 
transfer is sufficiently large, each traversal leads to severe damage and limited 
function. A further i increase in energy deposition in the site may only lower 
the overall efficiency/of the radiation for production of damage. The extra depos- 
· ited energy will have no noticeable effect and the ЕВЕ will decrease. 


RBE 


0.1 


10 100 | 1000 


L (keV/j.m) 


Figure 14.1 The RBE for inactivation of kidney cells (a), haploid yeast 
cells (b), and bacteria (c) is shown as a function of the linear.energy transfer 
(7-9). Adapted from Ref. 6. 


\ 
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Table 14.1 RBE for Inhibition of Cell Cloning i " 
——— p ——I—— ып а _ — —— CY 


Type of i 
Neutrons - (TX MeV) 5 = 0.80% | S = 0.015 
Tritium [T(d,n)] 15 2.9 1.6 
Beryllium [Be(d,n)} 8 3.6 1.8 
Deuterium [D(d,n)] 3 5.0 2.0 
Uranium fission 1 6.1 2.3 


Data from Ref. 11. 

(Та), average neutron kinetic energy. 
a Surviving fraction, 80%. · 

* Surviving fraction, 1%. 


The RBE curve for bacteria (7) shown on Figure 14.1 does not show a 
peak and should serve as a reminder that the effect of radiation depends on 
the system tested. Table 14.1 shows RBE results for prevention of cell cloning, 
‚ which was studied as a function of the absorbed dose (11). Note that the ЕВЕ 
taken when 8046 of the cells retain their ability to form clones in culture 
(S = 0.8) is quite different than the RBE for only 1% cloning (S — 0.01). In 
addition to dose, the RBE for a given test system may depend on whether 


. QUALITY FACTOR 


1 10 100 


L (keV/um) 


Figure 14.2 The quality factor is shown as a function of the linear energy transfer 


(6). 
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~ the irradiation is fractionated, allowing for repair of the damage accumulated, 
or whether it is given in a single treatment. It may depend on whether oxygenated- 
|. ог hypoxic conditions prevail, and so forth. 

The quality factor Q is a quantity similar in some respects to RBE but 
much less general. It is used in the context of radiation protection (1). The 
quality factor is a weighting factor for biological effectiveness that depends on 
the type of radiation used to deliver the dose. It has been evaluated with the 
aid of experimental RBE results, but is independent of a definite biological 
end point. It is not directly related to any experiment but has been chosen (6) 
to be a smooth function of linear energy transfer by the International Commission 
on Radiological Protection (ICRP). The quality factor is appropriate for low- 
level irradiation of humans. | 

The dependence of the quality factor on linear energy transfer is illustrated 
on Figure 14.2. Similarities with curve a in Figure 14.1 are evident except at 
large values of linear energy transfer. Values of the quality factor recommended 
for some general radiation categories (12) are shown on Table 14.2. They can 
be used in radiation protection problems where more detailed linear energy 
transfer information is not readily available. | 

The quality factor is a modifying factor used in calculation of the dose 
equivalent. The dose equivalent H is the product of D, Q, and N at a point 
of interest in tissue, where D is the absorbed dose, Q is the quality factor, 
and N is the product of all other| dose-modifying factors (1): 


H = DON (14.2) 


For example, N might depend, on spatial dose distribution 1 in an organ or rate 
of delivery of the dose. 

Since Q and N are dimensionless, the meet units for dose equivalent 
are joules per kilogram; the name *'Sievert" is used with symbol Sv. A special 
unit of dose equivalent with ы дш significance is the rem (roentgen equivalent 
man): 


| 


1 Sv = 1 J/kg, 1rem-(1.0)10? J/kg (14.3) 


Generally speaking, the charged-particle energy spectrum is inhomogene- 
ous in an irradiated medium. This is assured because of accumulation of second- 
ary charged particles and degradation of both primaries and secondaries. The 


Table 14.2 Practical Quality Factors 
Type of Radiation ; Suggested Q 


X rays, gamma rays 
Electrons, positrons 
Neutrons: 7; < 10 keV 
Neutrons: Ту > 10 keV. 
Fission fragments 


N = 
O OU m m 


Data from Ref. 12. 
Тм, kinetic energy of neutrons. 
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mathematical formalism presented in Chapter 11 can be used to calculate electron 
spectra under equilibrium conditions. | 

For a given type of charged particle and а given absorbing medium, the 
particle kinetic energy is sufficient to determine its linear energy transfer for a 
given cutoff energy and vice versa. Because of this one-for-one correspondence, 
the linear energy transfer can be used as an independent variable instead of 
the kinetic energy. The linear energy transfer in water is a convenient variable 
for discussions involving the biological effects of radiation. | 

Figure 14.3 shows several examples of the distribution in absorbed dose 
expressed as a function of linear energy transfer (13). Notice that the dose 
deposited by 9?Co photon beams in water occurs in the linear energy transfer 
range between 0.2 and 0.4 keV/pum for the most part. The range of linear 
energy transfer for electron secondaries from 200-kVp x rays is quite broad 
(0.5-30 keV/jzm) and encompasses higher L values than the Co distribution. 
The neutron dose is deposited at the highest L values shown (0.8-90 keV/ 
pm), since the secondaries are densely ionizing heavy particles. 

Since absorbed dose is deposited over a range of linear energy transfer 
values, and since the relative biological effectiveness and the quality factor both 
depend on linear energy transfer, appropriate averages must be defined for use 
with Equations 14.1 and 14.2. Suppose [dD(L)/dL]dL represents the dose de- 
livered with linear energy transfer between L and L + dL. The quantity 
(1/D)[dD(L)/dL] is a probability distribution for absorbed dose since 


dD(L) | | 
= 14.4 
- ТЕ p 41-10 | (14.4) 


. Dose-averaged values of linear energy transfer, (L), and of relative biologi- 
cal effectiveness, (RBE), are given by 


ш 
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T Figure 14.3 Several 

D o4 ~ dose distributions as 

= functions of linear energy 
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а 0.2 transfer are shown (13). 

© The curves are for ®°Co 

gamma rays (а), 200-kVp _ 

10 100 x rays (b), and 5-MeV 


neutrons (c). Adapted 


L(keV/i.m) from Ref. 10. 
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dD(L 
= 3 L £ ) aL (RBE)= i]. RBE(L) 420) 4002 алы ) JL а) 
“Тһе average quality factor (О) and the dose equivalent H can be found from 
dD(L | 
= а) ZO а, H= DION (14.6) 


When the distributions are known, these calculated MES can be used rather 
than estimates such as those i in Table 14.2. 


143 Specific Energy and Lineal Energy 


The macroscopic variables absorbed dose and linear energy transfer, as com- 
топу used, are averages over spatial regions. As such they are adequate when 
radiation effects are considered on human organs or on living species consisting 
of large numbers of cells. They are less relevant when radiation damage in 
individual mammalian cells or in macromolecules is considered. The averaging 
process may very well camouflage the most important information. Fluctuations 
in energy density between neighboring cells are relevant because during irradia- 
tion some cells sustain lethal damage while others survive the effects of the 
radiation unscathed. For a similar reason, fortuitous spatial distributions of 
ionization and excitation processes are important in the dissociation of chemical | 
bonds in macromolecules. The specific energy z and the lineal energy y are 
microscopic quantities that are analogs of the dose and linear energy transfer, 
respectively, and relate more easily to energy deposition on this smaller scale 
(1). 

The specific energy z is the quotient of AE 5 Am, where AE is the 
energy imparted to matter of mass Am by ionizing radiation: 


z=AE/Am i ; (14. 7) 


The unit for specific energy is the joule per kilogram, also called the gray 
(Gy). The rad, which is equal to {oo gray, also can be used in this context, 
since the specific energy has the same units as absorbed dose (1). However 
the specific energy is a stochastic quantity, and fluctuations are important, while 
the absorbed dose is an average value, and is usually assumed to vary continu- 
ously from place to place in a medium. 

The relationship between the specific energy and the absorbed dose is, 
illustrated in Figure 14.4. The energy density АЕ/Ат for a collection of volumes "> 
with equal mass Am is shown as a function of the magnitude of Am (14). 
The radiation field utilized is assumed to be uniform'on a macroscopic scale. 

When Am is sufficiently large, many charged-particle tracks pass through 
each indicated volume, and the fluctuation level from volume to volume is 
small. All volumes in a homogeneous radiation field sustain an energy density 
very close to the average energy density. In this region of large Am, the absorbed 
dose D is appropriate. 
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LOGARITHM Am 


Figure 14.4 The energy density for a large number of masses Am is shown as a function . 
of the logarithm of Am. Adapted from Ref. 14. 


As the mass Am decreases, the fluctuations become more significant. When | 
the enclosed volumes are sufficiently small, some absorb no energy at all, whereas 
the energy density for others is large. When the distribution in deposited energy 
is important, the specific energy z is useful. | 

The relationship between 2 and D involves an averaging process (1). If 
P (z)dz is the probability distribution for occurrence of specific energy between 
z and z + dz, and if (z) is the average specific energy, | 


ү, dE | 
= == E i 8 
(z) | 4 zP(z)dz D Jim (z) d (14.8) 


The lineal energy is the microscopic quantity analogous to the linear energy 
transfer. The lineal energy y is the quotient of AE by (x) where AE is the 
energy imparted to the matter in a specified volume by an energy deposition 
event and (x) is the mean chord length for that volume: 


AE 
У-- (14.9) 
(х) 
The unit used for this quantity is the joule per meter, although in some cases 
electron volts per centimeter or kiloelectron volts per micrometer are convenient: 


1 eV/cm --(1.6)10-17 J/m, 1 keV/pm = (1.6)10-10 J/m (14.10) 


The diagrams shown in Figure 14.5 can be used to develop an expression 
for the probability distribution in z or y for a spherical volume (14). Suppose 
a charged-particle track with chord length between x and x + dx cuts through 
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Figure 14.5 Geometrical parameters describing charged-particle tracks through a 
spherical target are illustrated. Adapted from Ref. 14. 


a sphere with radius r. The path of the track is within the open-ended cylindrical 
shell of radius a (shaded on the figure). Assume that 


1. The charged particle tracks are always straight; | 

2. All charged particles incident on the sphere pass entirely through the sphere; 
3. The rate of loss of energy is constant in the sphere; 

4. All energy liberated along the track /is absorbed on the spot. 


The probability P(x)dx of charged particles striking the sphere and passing 
through the cylindrical shell with radius between a and a + da is equal to 
the ratio of the area of the end of the shell to the cross-sectional area of the 
sphere (14): 


P(x)dx = 22098) (14.11) 
Tr? 
The probability is related to the chord length x by: 
_ |2ada| _ хах 
P(x)dx DE M са 22 (14.12) 


This result was obtained for a different purpose in Section 13.2. 

Suppose N is the total number of particles incident on the sphere with 
linear energy transfer L. Then the expression for the energy lost in the sphere 
for tracks with lengths between x and x + dx is 


| NL 
dE, = N P(x)dx(xL) a aye x?dx (14.13) 


The average value of the total energy lost for all N particles is given by 


2r 3727 Е 
E =f dE Е | as (14.14). 
: 0 6r? 0 3 ^ 
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The probability distribution E(x)dx for the energy loss when the path length . 
. is between x and x + dx can be found using Equations 14.13 and 14.14: 
dE, Зхзах | 
Е 8r3 


The probability distribution P(z)dz for specific energy between z and 
z + dz is equal to E(x)dx since x determines z for the sphere: 


EGO dx = 


(14.15) 


z=AE/Am=xL/Am, dz=(L/Am)dx, zg-—2rL/Am (14.16) 
and thus 


3x2dx | | Dzsdz | 32? da 
8r3 8r*(L/Amy (ша 


The distribution Р(2)42 for specific energy in a spherical absorber is shown 
on Figure 14.6. The parabolic function shown as the solid line is plotted from 
Equation 14.17 and applies only to monoenergetic particles when conditions 1 
through 4 hold, as stated earlier. The value of Zmax shown on the figure is the 
theoretical upper limit of z obtained for track lengths equal to the spherical 
diameter. The distribution shown as the dashed line on the figure is also for 
monoenergetic particles but simulates results from nonideal systems. The edges 
and end points are rounded because the particle tracks do not necessarily follow 


P(z)dz = (14.17) 


p theoretical 


P(z)dz 


experimental 


Zmax 2 


Figure 14.6 The distribution in specific energy is shown for passage of a 
single charged particle through a spherical absorber. The solid curve is 
the theoretical result of Equation 14.17. The dashed curve indicates the 
additional effects of delta rays, energy loss fluctuations, and path-length 
fluctuations. 
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straight lines. Furthermore, delta rays and energy loss fluctuations may produce 
spurious contributions for small spheres. 

Actual z distributions from indiréctly ionizing sources are composites with 
contributions from charged particles with different stopping power values. Of 
course, the high L particles produce high z events and vice versa. 

. The curves shown on Figure 14.7 are illustrative of specific energy probabil- 
ity distributions produced by the passage of charged particles through tissue 
spheres with 1- -pm diameter (14, 15). In each case the dose was only a small 
fraction of a gray, so effects of traversals by single particles are indicated. For 
the distribution labeled ®°Co, the charged particles are secondary electrons; for 
the distribution labeled 1-MeV neutrons, liberated protons are very important. 
Both distributions show the effect of a spectrum of linear energy transfer values 
for the secondary particles. They are both rather broad and skewed (when 
compared to curves on Figure 14.6). It is of primary importance that the distribu- 
tion produced by neutrons occurs at values of z over 10? larger than the distribu- 
tion produced by Со gamma rays. This is because proton secondaries are 
much more densely ionizing than electron secondaries. 

Figure 14.8 shows four number spectra for 1-um diameter spheres (14). 


Neutrons | 


0.5 1 MeV 


СЭ (072 10° | 10? 
ти 
Ы 2 (Gy) 
1.0 
Gamma Rays 
0.5 60c, 


107? 1 10? 10? 
z (Gy) 


Figure 14.7 The probability distributions for dris energy per unit 
logarithm interval [P(z)dz/d(log 2) = zP (z)] are shown for ®Co x rays 
and 1-MeV neutrons for single particle traversals through a 1-рт tissue 
sphere (14). | 
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0.75 Gy Figure 14.8 Therelative 
N 0.4 number of spheres with 
| | -specific energy 2 per unit 
logarithmic interval 
[N(z)dz/d(log z) — 
zN(z)] is shown for l-um 
tissue spheres. 99Co 
gamma rays and 1-MeV 
neutrons are the primary 
Neutrons  radiations. Distributions 
are shown for doses of 


2 0.03 and 0.75 Gy for each 
10-2 10° 10 type of radiation. 
Z(G yl Adapted from Ref. 14. 


Two curves for 9?Co gamma rays and two for 1-MeV neutrons are shown (0.03 
Gy and 0.75 Gy for each radiation type). The peak areas are not normalized - 
on this figure, as was the case on Figure 14.7. At the doses chosen, it is evident 
that the number of spheres affected by neutron irradiation is far less than the 
number affected by "Со irradiation at the same dose level. The heavily i ionizing 
radiation produces fewer tracks per unit of dose. 

Notice that the curve labeled: 69Со shifts to larger Calves of z and is 
more nearly symmetrical at the larger value of absorbed dose. This is due to 


= multiple hits on the same !-шт sphere by different secondary electrons. The 


0.03-Gy (smaller) curve labeled 1-MeV neutrons is not shifted much to larger 
z when the dose is increased to 0.75 Gy; rather the height of the spectrum is 
increased’ uniformly. This indicates that multiple hits for the 1-jum targets аге 
relatively infrequent for proton secondaries at the dose levels indicated. 


‚144 Target Theory — | 


In the preceding section, the specific energy and the lineal energy were defined 
and some representative distributions were shown for microscopic volumes. At 
modest values of absorbed dose, a high level of fluctuation in specific energy 
exists for volumes the size of a cell nucleus and smaller. Since traversal of a 
volume by a charged particle is necessary for energy deposition, the entire process 
is loosely analogous to a random hit being scored on a target. The terms "target" 
and “hit” are often used in discussions of the microscopic effects of radiation. 
In particular the volume occupied by a specific molecule can be considered to 
be a target. A hit deposits energy and thereby affects the subsequent activity 
or function of the molecule. Statistical theories involving hits by charged particles 
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have been applied to explain experimental results on radiation inactivation of 
enzymes and antigens (16, 17). They also have been evoked to aid in the under- 
standing of the action of radiation on cellular systems (17-19). 

Ionizing radiation can act directly or indirectly at the microscopic level 
(3). These terms were discussed in Section 13.5. In the case of direct action, 
chemical changes are elicited in a target because a charged particle has passed 
directly through the sensitive molecular volume and deposited energy there. 
Indirect action occurs when energy is initially deposited outside the sensitive 
volume, often in a group of solvent molecules, for example. Free radicals from 
the deposition site then migrate to the sensitive volume and perturb the chemical 
structure of the molecule. Target theory is most easily understood when direct 
action dominates. In that case, hits outside of the actual sensitive target volume 
can be considered ineffective. Dry samples are often used i in experimental tests 
of target theory. 

In this section, charged-particle energy deposition will be treated as a 
random event. Elementary statistical principles will be applied to obtain the 
probability of a hit at a particular molecular site. A similar mathematical develop- 
ment was first applied to estimate the volumes of macromolecules in the dry 
state (16, 17). 

Suppose a fluence of charged particles is incident on a uniform. dry 
sample consisting of N active macromolecules. Suppose that a single effective 
hit in a molecule of cross-sectional area ог is sufficient to destroy its potential 
for subsequent biological activity. However, some charged-particle traversals 
through the molecule are not effective because they fail to deposit sufficient 
energy. Call P the probability of effectiveness per traversal. The infinitesimal 
increase in damaged targets, —dN, is related directly to the infinitesimal fluence 
increment d: 


—dN ——NPodo, |InN=—Po®+C, 
М№ = exp(—Po®)exp(C), N= No exp(—Po®) (14.18) 


The constant of integration, C, was evaluated in Equations 14.18 using the 
· boundary condition that No was the number of active targets present when Ф 
— 0: An expression for P must be obtained to develop the exponential in Equa- 
tions 14.18 further. 

The binomial distribution (20, 21) is generally applicable to random ess 
It can be used to obtain an expression for the probability of effectiveness when 
a charged- -particle traverses a molecule. Suppose that 


1. p is the probability that an event occurs in a single trial; 
2. q = 1 — p is the nonoccurrence probability per trial; 

3. k is the total number of trials involved; 

4. ј 15 a running index representing the number of events that occur in k trials; i 
5. P; is the probability that some number of events j occur in k trials. 


The binomial expansion of (р + 4)“ yields 
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kp — k(k—Dp*? , 
Кита DI I. 
1=P, + Pk- qutd deem Ee. с | · (14.19) 


where each term in the expansion 15 identified with a particular Р. In the 
first term to the right of the equal sign, the running index j = k; in.the second 
term, j = k — 1, and so forth. Ofcourse, the total probability that some 
number of events occur must be equal to one. 

The general expression for the probability of j events иша in k random 
trials can be identified from Equations 14.19: | 


= | Ен Орао 
peer kcu 1 PN (14.20) 
= 0 «-»i9zP | 


This expression is applicable without specific conditions on J еше К except 
that they be positive integers or zero. 

The Poisson distribution can be obtained as a special case of Equation 
14.20 when p < 1 and k > 1. It is relatively easy to use since it involves the 
mean value m of the number of events. Since p < 1 and j < k, 


(1 — p)*-1 = [expC-p)] 77 = expC- p), 
т/м KEZD ~. « (20D) 
UU DIC TENE DEC): 
| LK T INS А (Е-Е ы 


i F (14.21) 
Substituting results from Equations-14.21 into Equation 14.20 yields 
УЕ? Н ( 
(1 yere exp(—kp) — exp(—k, Ne (14.22) 
ер] 2 p P( p)= Ша Ар 


The mean value of the number of events is given by m = m With this substitu- 
tion Equation 14.22 becomes the Poisson distribution for the probability that 
J events occur when the average is m: 


B= exp(-m), k>1, р<І 2020 0423 


The Poisson distribution as given in Equation 14.23 can be substituted 
into Equations 14.18 to give the number of targets that have not been damaged 
by radiation. Take (x) to be the mean path length of a charged particle in a 
target molecule and E, to be the average energy expended for an effective deacti- 
vation event. The probability for no effective шь from a single traversal is 


found by setting ј = 0 in Equation 14.23: Ро Sah ses m) — exp(—m). The 


probability of one or more effective hits is ыр [o one minus the probability 
of no effective hits: 
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Pye = 1 — Po = 1 — exp(—m) = [1 — exp(L(x)/ E,)] (14.24) 


In this case m = L(x)/E, where L is the linear energy transfer. 
We assume targets are very small relative to the distance between ionization 
and excitation events: L(x)/E, < 1. Then Equations 14.18 and 14.24 yield 


1 — exp(-L(x)/E,) == LGO/E, = 
N/No = exp(—Po 6) = exp[-(L(x)/E,)o $] 
= exp[-(L/E) Ve] (14.25) 


where the effective target volume is taken as V, = (х) от. When a large number 
of charged particles are incident on the sample, the average absorbed dose is 
given by D = І.Ф/р: 


exp[—(L/Ee) М.Ф] = exp[—(p Ve/E-) D] = exp(—D/Do) (14.26) 


Do = Ee/p Ve is the mean inactivation dose. The fraction of targets not inactivated 
is called the surviving fraction (S). From Equations 14.25 and 14.26, 


S = N/No = exp(—D/Do) | (14.27) 


Figure 14.9 shows several curves of surviving fraction versus absorbed 
dose. The exponential of Equation 14.27 is represented by the curve labeled 
НІТІ (single hit, single target) on the semilogarithmic plot. In some cases, 
the fractions of enzyme and antigen molecules that escape inactivation after 
irradiation are seen to fall along exponential curves (16). These results reinforce 
the assumption ‘that a single hit by radiation can inactivate a macromolecule. 
Single-hit target theory has been used to estimate molecular weights for 

biologically active macromolecules (16) through: equations similar to Equations 
14.26 and 14.27. The value of Do can be found from the experimental surviving 
fraction data: If E, can be estimated, the product pV; сап ђе calcualted; if p 
is measured, the molecular weight can be obtained from Ve. Results for macromo- 
lecular weights obtained by applying this theory often agree with accepted values 
within an order of magnitude. | 

_ The curves on Figure 14.9 labeled H2T1 (double hit, single target) and 
. H1T2 (single hit, double target) both show a low-dose shoulder but become 
more nearly exponential at high-dose values. In the following paragraphs, we 
will obtain analytical expressions that describe both of these curves. 

Suppose n effective random hits are required on a single sensitive target 
to cause sufficient damage. The probability of less than n hits occurring is the 
sum of the n probability terms representing. all cases from 0 hits to Lace) 
hits: From Equation 14.23 this sum can be written 

m? m! рт“ 


Poon-1 = E "Vig 8 ле» 
T 


= У т exp(—m) ‚ (14.28) 
јео J! 
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Figure 14.9 Curves of 
surviving fractions for the 
cases of single-hit-single-. 
target (H1T1), double- 
hit-single-target (H2T1), 
and single-hit-double- 
target (H1T2) 
2 | 4. 6 inactivation are 

DOSE (Gy) illustrated. 


SURVIVING FRACTION (percent) 


where m represents the mean value of the cumulative number of hits per target. 
It is given by the ratio of the absorbed dose to the mean inactivation dose, 
m = D/D». For this situation the surviving fraction is equal to Posn-i: 


_ у PD»)! ~. 14.29 

| 5 = Л. exp ( dl e 
Substituting n — 1 into Equation 14.29 produces a result identical to Equation 
14.27, the single-hit-single-target result. 
| An analytical expression for the single-hit-multiple-target surviving frac-. 
tion (22) can also be obtained within the limits of the Poisson distribution. 
Suppose n separate but identical targets within a given structure must each 
sustain one or more effective hits for sufficient damage. Since the probability 
for no hits per target is exp(—7n), the probability for one or more effective 
hits on a single target is [1 — exp(—m)], where m is the mean value of the 
cumulative number of hits in a single target. Furthermore, the probability for 
at least one random hit on n identical targets taken in any order is the product 


of n individual effective hit probabilities. The surviving fraction must be equal 
to one minus this product: 


9 == 1 — [1 —exp(—m)]" = 1 — [1 — exp(—D/D;)]" (14.30) | 


Notice that. Equation 14.30 reduces to the exponential single-hit-single-target 
result when n = 1. 
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. Generally speaking, survival curves for mammalian cells after radiation- 
induced injury are approximately exponential when high linear energy transfer- 
radiation is utilized. When sparsely ionizing radiation is used, the curves show 
a shoulder more similar to the multiple-hit or multiple-target curves on Figure 
14.9. Target theory is sometimes utilized to interpret cellular survival in terms 
of single- or multiple-event damage; single-event damage is associated with high 
linear energy transfer radiation; multiple-event damage is associated with low 
linear energy transfer radiation. One should examine the premises carefully 
before applying the simple expressions developed in this section to surviving- 
fraction data for cellular systems. 


14.5 Molecular Lesions and Cell Survival 


The target theory outlined in the previous section is a description of the accumu- 
lation of effective radiation damage in large samples of macromolecules. As 
mentioned, some of the concepts introduced can also be used in a description 
of the effects of radiation-induced damage to cellular systems. Suppose that 
chemical bonds in critical molecules, notably those of DNA, are severed by 
radiation action. Serious damage can often be related to a site in which both 
of the associated ОМА strands are broken (2, 19). The bond can be severed 
by indirect action or direct action, since free radicals produced in nearby water 
molecules can migrate to a sensitive site and effect a molecular structure change 
jat that point (10). | à = 

If the damage at а molecular site is potentially lethal, it may Бе termed 
| а lesion. Some evidence exists to support the hypothesis that lesion formation 
often involves formation of dual sublesions in molecules (23, 24). Thus, the 
molecular damage sites that cause cell death are presumed to be paired. A 
simple statistical development for the formation.of pairs of sublesions will be 
given in this section (25). The descriptions given are not complete, since well 
known phenomena, such as repair of lesions by the cells, will not be included 
(26). Furthermore, the nature of the lesions and sublesions and their particular 
modes of formation will not be discussed within the confines of this section 
(2). 

Dual sublesions can be produced either by a single-step or a two-step 
process. In Figure 14.10 state 1 represents the undamaged cell nucleus, state 
2 represents the partially damaged configuration, and state 3 represents a nucleus 
with critical damage. Рз represents the probability of producing critical damage 
іп a single step. Рі represents the probability that the radiation will produce 
a sublesion by inducing a change from state 1 to state 2. When state 2 is 
populated, the step to the critically damaged state 3 occurs with probability 
Poz. . 

High linear energy transfer radiations are presumed to act via the single- 
step process on many occasions. Thus, Різ is expected to be relatively large 
for these radiations. Lower linear energy transfer radiations cause damage by 
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Figure 14.10 The schematic for single- 
step and two-step inactivation is shown 
(23). 


two-step processes in many cases; thus, the product Pi2P23 is expected to ђе · 
relatively large (24) in this case. 

In the paragraphs immediately following, a simplified molecular theory 
of cell survival (25) involving paired damage sites is presented. Some assumptions 
are: 


1. The immediate expression of radiation-induced damage is the dissociation 
of chemical bonds in critical molecules to produce sublesions. 

2. Potentially lethal lesions consist of at least two associated sublesions. 

3. Potentially lethal lesions can be produced in a single-step process or in two 
random independent steps. 

4. The single-step production of sublesions or lesions is governed by an exponen- 
tial law. | 


The following parameters are necessary: 


М, represents the number of appropriate sites available for single-step production 
of lesions; 

М» represents the number of appropriate sites available for production of a 
sublesion; 

сі is the probability per unit dose for producing a lesion at a particular site; 

с; is the probability per unit dose for producing a sublesion at a particular 
site. . ; 


From Equation 14.27 the expression for (А.Үіз), the average number of 
sites where dual lesions are produced in a single step, can be written 
(АМ,з) = № Ее exp(—c,D)} = N1c1D, сір. < 1 (14.31) 


In this case c, is assumed to ђе sufficiently small to allow one to approximate 
the exponential by the first two terms, exp(—c1D) = 1 — сур. 
The average probability for production of a lone sublesion is given by 
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_ (АМ) 


Ne == —[1—exp(-e2D)]- с:р, c2D< 1 (14.32) 


The probability of the production of a lone sublesion and subsequent production 
of another associated sublesion is proportional to the product of the individual 
formation probabilities. We assume the processes are independent (21). Thus, 
the mean number of dual sublesions, (ANj23), formed by two-step processes, 
is given by i 


' (A.N 123) = є(№сгр)? | “ (14.33) 


The constant є is the probability the two sublesions are associated so that a 
potentially lethal lesion results. 


Тһе mean number of lesions produced by single-step and two-step processes 
is given as (А №), where 


(Ар) = (А М) + (Nis) = Мс.) + €(NocaD)? (14.34) 


Suppose p is the probability that a dual sublesion is lethal. The surviving fraction _ 
must be equal to the probability that no lethal lesions are produced. From 
the Poisson distribution of Equation 14. 23, this probability is ere by 
exp(—m) = а 


= exp(—p(ANr)) | 
" exp[-pNi;ciD = pe(Noc2D)"] 
= exp(—aD — 00% 
j a= PNic3; b = pe(Noco? —— (14.35) 
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Figure 14.11 Survival curves for 
5 10 cultured cells of human origin are 
shown (26): curve a is for 15-MeV 
DOSE (Gy) neutrons; curve b is for 250-kVp x rays. 


362 Microscopic Energy Distribution and Biological Radiation Damage 


Of course the development of Equations 14.36 is not completely realistic 
since the repair of sublesions and lesions and the effects of oxygen pressure, 
among other phenomena, have not been included (26). Nevertheless, the form 
of the final result can be shown to reproduce the shape of some experimental 
data for survival of certain cells in culture (27). 

Figure 14.11 shows two curves generated using the exponential form in 
Equation 14.35. When high linear energy transfer radiation is used, the specific 
energy is large and single-step lesion formation is important. Thus, for the 
first few grays, aD > bD? and a nearly exponential survival curve results (curve 
a). For photons and electrons, the specific energy is moderate, so two-step lesion 
formation would be more important апа а noticeable curvature would be ob- 
served throughout the survival curve (curve b). 

The general form of the exponential in Equation. 14.35 can be related to 
the relative biological effectivensss. Suppose а, D, > bn Dn? for some high linear 
energy transfer radiation indicated by index n at some dose Dna. For the same 
cellular system, suppose а,Р, < бр, for irradiation with 200 kVp x rays at 
an appropriate dose Dy. When the surviving fractions are equal, 


е on = ехрс ап Ра) = exp(—b,D,?) = 5 
12 | 
_ Фау = b:D:?, Р, = (6) D, | (14.36) | 


The ВВЕ can be expressed as the ratio of the doses for equal surviving fractions: 


D, – (an/bz)!!? (e^ | 
ЕВЕ = —= =====— p,u2—[—| p, 
D, Dn Ё г i 


log RBE = log (%) —-log D, , (14.37) 
т 2 Í 


! 


1072 10? 102 
NEUTRON DOSE (Gy) 

Figure 14.12. The logarithm of the ЕВЕ is shown as a function of the 
logarithm of the neutron dose. The dashed line is the theoretical result 


from Equation 14.38; other lines are experimental results. Adapted from | 
Ref. 23. 


== 
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The logarithmic function in Equation 14.37 has the form of the dashed 
curve shown on Figure 14.12. Notice that the slope is —14 on this log-log 
plot. Some experimental RBE curves are also shown on the figure for several 
different systems (24). Many of the experimental curves also have slopes near 
—14. If the formation of dual sublesions is important in the action of radiation 
on cellular systems, these sorts of RBE curves would be expected. 


14.6 Problems 


1. Assume that a DNA double strand can be represented by a cylinder with 
diameter of 20A and that a cell nucleus is spherical and 2 рт in diameter. 
Assume that an ionizing particle passes directly through the structures on 
a diameter and that the medium is water equivalent. Use stopping power 
tables from the Appendixes to calculate how many ionizations would be 
produced on the average in the 
а. DNA cylinder by a 1-MeV electron passing through the diameter; 

b. DNA cylinder by a 10-MeV alpha particle passing through the diameter; 
c. Cell nucleus by a 1-MeV electron through the diameter; 

d. Cell nucleus by a 10-MeV alpha particle through the diameter. 

What conclusions can you draw about the effects of the disruptions caused? 

D Calculate the RBE for 15-MeV neutrons at 10% survival and 1% survival 
usiig the expressions; | 


S = exp(—8 X 107! Рјехр(—5 X 1072 D?), for neutrons; 
S — exp(—2 X 1071 D)exp(—3 X 107? D?), for 200-kVp x rays. 


3. Suppose radioactive !?5I is incorporated into nuclear DNA in a mammlian 
cell. Assume the 1251 atom is situated at the center of the spherical cell 
nucleus of diameter 1 jum and assume the nucleus is very similar to water. 
Calculate the specific energy for the cell nucleus due to decay of a single 
1251 nucleus. Ignore contributions due to x, gamma, and delta rays. Use 
range tables for the electrons to estimate the energy deposited in the cell 
nucleus. The electrons produced upon decay of 1251 are: 


Mean no./ Average Electron 
Type Disintegration Energy (keV) 
K int. conv: ^ 7M. 0.746 | 33 
L int. conv. 0.107 30.9 
M int. conv. 270080. 34.7 
KLL Auger 0.137 22.7 
KLX Auger 0.058 26.4 
KXY Auger | 0.009 30.2 
ГММ Auger 1.490 2.9 


MXY Auger 3.590 21032 
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4. 


10. 


115 


12. 


13 


Calculate the maximum lineal energy in kiloelectron volts per micrometer 
for passage of a 1.0-MeV electron through a spherical cell nucleus with 
diameter 1 jum. Use stopping power information from Chapter 3. 


. Suppose 0.1 Gy is :дерознед Ђу 1-MeV electrons normally incident on a 


1-mm-thick water-equivalent slab. From the number of tracks per unit area 
required, calculate the average separation between tracks. Assume each track 
is isolated at the center of a square surface element. Perform the same 
calculation for 1-MeV protons instead of the electrons. 


. For a spherical volume show that the average track length (x) = vh er 


Then show that (y), the average lineal energy, is independent of the sphere 
diameter. 


. If (x) = 4r/3 for a spherical ssp show that the lineal energy y — 
E 


4 | where p is the density, А the spherical surface area, and z the 


specific energy. 


. If (x) = 4 r/3 for a spherical volume, show that 


exp[—(L(x)/Ee)o Ф] = = exp[—(L/E.) У.Ф] 


‚А "m 20À thick is hit by two charged particles, one with L = 100 


КеУ/шп and another with L = 1 keV/um. Calculate the probability: that 
an average deposition event with expenditure of 110 eV occurs in the target 
in each case. 

A monomolecular layer of enzyme preparation is bombarded with Со 
gamma rays, and the dose for 63% deactivation is 5.8 Х 105 Gy. Calculate 
the sensitive volume of the enzyme and the molecular weight if the density 


«is 1.3 g/cm. 


Find an expression for the slope of the survival curve at D = 0 for a 
double-hit-single-target theory calculation using Equation 14.29 and the 
single-hit-double-target theory given by Equation 14.30. Which is more real- 
istic? Why? 

Calculate the surviving fraction for cells in culture after receiving a dose 
of 2.0 Gy. Assume that Do for the cells is 1.2 Gy. In one case, assume 
that the single-hit-single-target theory is sufficient. In a second case, assume 
that two: hits are required in a single target for lethal effect. In a third 
case, assume that a single hit is required in each of two targets for lethal 
effects. | 

Assume a tumor contains 1011 cells. Find the dose of neutrons (single-hit 
theory) required to ensure that there be only a 1-in-10 chance that a single 
cell in the tumor survives. The mean inactivation dose Do is 1.2 Gy for 
these cells. 
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Appendixes 


Appendix 1 The Greek Alphabet 


A a Alpha N у Nu. 

B B Beta = £ Xi 

r y Gamma О о Omicron 
A 6 Delta II т Pip 

E € Epsilon P p Rho 

Z t Zeta >, с Sigma 
Н . ЕЕ Eta T T Tau 

© 0 Theta Y v Upsilon 
I U Iota o ф Phi 

K K Kappa = X Chi 

A À Lambda V y Psi 

M p Mu Q о) Omega , 
Appendix 2 International System of Units (SD 

Some Basic and Supplementary Units 

Quantity Name Symbol 
Length meter m 
Mass kilogram al kg 
Time second 5 
Electric current ampere A 
Temperature kelvin K 
Amount of substance mole mol 
Luminous intensity candela cd 
Plane angle radian rad 
Solid angle steradian 4 ST 
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Equivalent 

Quantity Name  - Symbol Basic Units 

Frequency hertz Hz sal 

Energy, work joule J m? kg 572 

Power watt W m? kg 573 

Force newton N m kgs"? 

Pressure pascal | Pa m^! kg s^? 
-Activity becquerel 2 5 Bq Ti. 

Absorbed dose gray Gy m? 572 

Dose equivalent sievert Sv m? 572 

Electric charge coulomb C sA 

Electric potential | volt V m? kgs ? A^! 

Electric resistance ohm 2 m? kg 573 A^? 

Conductance | siemens S Мт Бр МАР, 

Inductance henry H m? kg 572 A7? 

Capacitance farad F m^? Кр“1 54 A? 

Magnetic flux weber Wb m? kgs? A^! 

Magnetic induction tesla T kg 572 А7! 


Some Prefixes 
| 


1 


Prefix Factor Symbol 
1012. tera T r 
10? giga G 
106 |^ mega M 
10? kilo k 
10! | deca da 
1071 deci d 
1072 centi с 
1073 milli m 
10-6 тісго m 
109. nano n 
1071? pico p 


Some Conversion Factors for Other Units 


Name Symbol Value in Basic Units 
angstrom EN 1.00 X 1071? m 

barn b 1.00 X 10728 m? 
calorie cal 4.184 J 

degree о 1.7453 Х 1072 rad 
electron volt eV 1.6022 X 1071? J 

erg erg 1.00 X 107? J 

gauss н gs 1.00 X 10-4 T 

liter | 1.00 X 1073 m? 
roentgen R 2.58 X 1074 s А kg! 


———————— 
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Appendix 3 Table of Constants 


Physical Constants 


Constant Symbol Value 
Atomic mass unit u 1.6606 X 10727 kg 
Avogadro's constant Na : 6.0220 х 1026 Кто! 
Bohr magneton Ив 9.2741 X 10-724 J T~? 
Bohr radius ao 5.2918 X 1071! m 
Boltzmann constant kE 1.3807 X 1073 J К-! 
Electron charge e 1.6602 X 1079 С 
Electron radius | го . 2.8179 X 1075 m 
Electron rest mass me .. 9.1095 X 107?! kg 
Fine structure constant a |. 7.2974 х 10-3. . 
Proton rest mass Mp 1.6726 X 10-27 kg 
Neutron rest mass та 1.6749 Х 10727 kg 
Planck constant h 6.6262 х 10734 Ј-5 
Vacuum speed of light NEC 2.9979 X 108 m s^! 
Vacuum permeability Ио 1.2566 X 1076 H m^! 
Vacuum permittivity €o 8.8542 X 1071? C? Ј-! m~! 


Rest Mass Energies 


Electron mec? = 0.511 MeV ` 
Proton mpc? = 938.3 MeV 
Neutron тас? = 939.6 MeV 
Mass unit uc? = 931.5 MeV 


Appendix 4 Electron Binding Energies 


Atomic Energy Levels (Shells K through My) in Kiloelectron Volts 


Z K Ly Lu Lin М! Ми Ми Му Му 
1 0.014 - 

2 0.025 0.001 

3 0.055 0.003 0.001 0.001 

4 0.111 0.006 0.000 0.002 

5 0.188 0.009 0.004 0.004 

6 20.284 0.013 0.005 0.005 

7 0.400 0.018 0.007 0.007 

8 0.533 0.024 0.009 0.009 

9 0.687 0.032 0.012 0.012 

10 0.867 0.045 0.018 0.18 0.001 


I — 111. — 2 3117 ee ee лы 
Data selected from E. Storm and H. I. Israel, “Photon cross sections from 1 keV to 100 Mev for elements 
Z — to Z = 100,” Nucl. Data Tables A7, 641 (1970). 
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2 K L, Іш Lin М 
11 1.073 0.063 0.032 0.032 0.002 
12 1.305 0.088 0.050 0.050 0.003 
13 1.560 0.118 0.073 0.073 0.005 
14 1.839 0.151 0.099 0.100 0.007 
15 2.144 0.188 0.130 0.130 0.010 
16 2.472 0.227 0.165 0.165 0.014 
17 2.824 0.270 0.203 0.200 0.018 
18 3.203 0:320 0.247 0.245 0.025 
19 3.607 0.377 0.296 0.294 0.034 
20 4.037 0.438 0.350 0.346 0.044 
21 4.491 0.500 0.406 0.401 0.053 
22 4.966 0.563 0.462 0.456 0.060 
23 5.465 0.628 0.521 0.513 0.066 
24 5.989 0.696 0.584 0.575 0.074 
25 6.539 0.769 0.651 0.640 0.084 
26 7.112 0.846 0.721 0.708 0.093 
27 7.709 0.926 0.794 0.779 0101 
28 8.332 1.008 0.871 0.854 0.111 
29 8.981 1.096 0.953 0.933 0.122 
30 9.659 1.193 1.043 1.020 0.138 
31 10.367 1.300 1.142 1:115 0.158 
32 11.104 1.413 1.248 1.217 0.180 
33 11.867 1.530 11.359 1.323 0204 
34 12.658 1.652 1.475 1.434 0230 
35 13.474 1.782 1.597 1.551 ^ 0257 
36 14.323 1.921 1.727 1.675: 0.288 
37 15.200 2.065 1.863 1.805 - 0.322 
38 16.105 2.216 2.007 1.940 0.358 
39 17.038 2.373 2.155 2.079 0.394 
40 17.998 2.533 2.307 2.223 0.430 
41 18.986 2.698 2.464 2.370 0.467 
42 20.000 2.867 2:625 2.521 0.505 
43 21.044 3.043 2.793 2.677 0.545 
44 22.117 3.224 2.967 2.838 0.585 
45 23.220 3.412 3.146 3.004 0.627 
46 24.350 3.605 3.330 3.174 0.670 
47 25.514 3.806 3.524 3.351 0.718 
48 26.711 4.018 3.727 3.537 0.770 
49 27.940 4.238 3.938 3.730 0.826 
50 29.200 4.465 4.156. 3.929 0.884 
51 30.491, 4.698 4.381 4.132 0.944 
52 31.814 4.939 4.612 4341 1.006 
53 33.170 5.188 4.852 4.557 1072 
54 34.561 5.445 5.102 4.782 1.143 
55 35.985 5.713 5.360 5.012 1217 
56 37.441 5.987 5.623 5.247 1.291 
57 38.925 6.266 5.891 5,484 ` 1.363 
58 40.443 6.549 6.164 5.723 1.435 
59 41.991 6.835 6.440 5.964 1.505 


0.001 
0.002 


0.003 
0.004 


0.005 . 


0.007 
0.010 


0.017 
0.028 
0.041 


0.055. 


0.072 


0.091 
0.112 
0.135 
0.158 
0.182 


0.206 


0.230 


0.256 
0.284 
0.312 


0.340 
0.373 
0.410 
0.451 
0.493 


0.537 
0.583 
0.633 


0.686 


0.740 


‚0.794 


0.848 
0.901 
0.951 


0.001 


0.002 


0.003 
0.004 
0.005 
0.007 
0.010 


0.017 
0.028 
0.041 
0.055 
0.071 


0.090 
0.110 
0.133 
0.156 
0.180 


0.204 
0.228 
0.253 
0.280 
0.307 


0.335 
0.367 
0.404 
0.443 
0.485 


0.528 
0.572 
0.619 
0.672 
0.726 


0.780 
0.832 
0.883 
0.931 
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Appendix 4 Electron Binding Energies—Continued 


2 К L, Ly Lin М, | Mu Ми Міу | Му 


60 43.569 7.128 6.722 6.208 1-575 1.403 1.228 1001 0.978 


61 45.184 7.428 7.013 76.459 1.648 1.471 1.357 1.052 1.027 
62 46.834 7.136 7.312 6.716 1.723 1.541 1.419 1.106 1.078 
63 48.519 8.052 7.618 6.977 1.800 1.614 . 1481 1.161 1.131 
64 50.239 8.375 7.930 7.243 1.881 1.688 1.544 1.217 1.185 
65 51.996 8.708 8.252 7.514 1.963 1.765 1.610 1.274 1.240 


66 53.788 9.046 8.580 7.790 2.046 1.842 1.676 1.332 1.295 
67 55.618 9.394 8.918 8.072 2.130 1.923 1.743 1.392 1.351 
68 57.486 95752 9.264 8.358 2.217 2.006 1.812 1.453 1.409 
69 59.390 10.116 9.617 8.648 2.306 2.090 1.881 1.515 1.468 
70 61.332 10.489 9.978 8.943 2.398 2.175 1.950 1.577 1.528 


71 63.316 10.874 10.349 9.245 2.494 2.264 2.024 1.641 1.591 
72 65.345 11.272 10.739 9.560 2.600 2.364 2.108 1.716 1.662 
73 67.416 11.680 11.136 9.880 2.709 2.469 2.194 ` 1.793 1.735 
74 69.525 12.098 11.541 10.204 2.820. 2.575 2.281 1.871 1.809 
75 71.676 12.528 11.957 10.534 2.934 2.682 2.368 1.950 1.883 


76 73.871 12.969 12.385 10.871 3.052 21792 2.457 2.031 1.960 
77 76.111 13.419 12.824 11.215 23.1373 2.908 2.551 2.116 2.040 
78 78.395 13.880 13.273 11.564 3297 3.027 2.645 2.202 21122 
79 80.725 14.353 13.734 11.919 3.425 3.150 2.743 2.291 2.206 
80 83.102 14.842 14.209 12.283 3.562 3.280 2.847 2.385 2.295 


81 85.530 15.346 14.697 . 12.656 3.704 3416 2.956 2.485 2.389 
82 88.004 15.861 15.200 13.005 3.851 3.554 3.066 2.586 2.484 
83 90.526 16.391 15.714 13.420 4.000 3.696 3.177 2.689 2.581 
84 93.105 16936 16.244 138814 4.156 3.849 3.295 2.798 2.683 
` 85 95.730 17.491 16.785 1424 4317 4006 3416 2.909 2.787 


86 - 98.404 18.055 17.337 14.619 4.482 4.164 3.538 30272 22-592 
87 101.137 18.689. 17.904 15.030 ^ 4.652 4.325 3.664 3.436 3.000 
88 103.922 19.237 18.484 15.446 4.824 4.490 3.791 3.253 3.109 
89 106.759 19.845 19.083 15.70 5.002 4.658 3.918 Sil 3.219 
90 109.651 20.466 19.693 16.300 5.182 4.830 4.046 3.490 3.332 


91 112.601 21.105 20.314 16.733 5.364 5.003 4.174. 3.609 3.442 
92 115.606 21.759 20.948 17.170 5.548 5.181 4.304 3.728 3.552 
93 118.670 22.427 21.600 17.613 5.735 5.366 4.435 3.850 3.664 
94 121797 723.109 22.270 18.063 5.927 5.555 4.568 3.973 3.778 
95 124.990 . 23.812 22.958 1851998 6.122 5.748 4.703 4.100 3.894 


96 128.253 24.535 23.663 18.982 6.322 5.945 4.839 4.230 4.012 
97 13 99079 25.275 24.385 19.452 6.526 6.147 4.977 4.364 4.132 
98 135.005 26.030. 25.125 19.929 6.735 6.353 5117: 4.502 4.254 
99. 138.502 26.803 25.883 20.414 6.949 6.564 · 5.259 4.644 4.378 
100 142.085 27.594 26.659 20.907 7.168 6.780 5.403 4.790 4.504 
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Appendix 6 Mass Stopping Powers and Ranges, Protons 


Beryllium, Z = 4 Carbon, Z = 6 Aluminum, Z = 13 
Stopping Stopping Stopping 
Energy power Range power : Range power Range 


(MeV) (MeV · m?/kg) (kg/m?) (MeV · m?/kg) (kg/m?) (Mev · m2/kg) (kg/m?) 


1 22.3 0.029 22.9 0.039 17.4 0.042 
2 13.4 0.089 14.1 0.097 11.0 0.116 
3 9.85 0.177 10.5 0.180 8.31 0.222 
4 7.87 0.291 8.40 0.287 6.75 0.356 
5 6.60 0.431 7.07 0.418 5.72 0.518 
6 5.70 0.594 6.13 0.570 5.00 0.705 
7 5.04 0.781 5.43 0.744 4.45 0.918 
8 4.52 0.991 4.83 . 0.938 4.02 1.16 
9 4.11 1.22 4.45 5 3.67 1.42 
10 3.77 1.48 4.09 1.39 3.39 1.70 
15 2.71 3.07 22.95 2.85 2.47 3.45 
20 2.14 5.16 "42133 4.71 1.94 5.73 
25 1.78 7.74 1.95 7.14 1.66 8.5 
30 1.54 10.8 1.68 9.91 1.43 11.8- 
35 1.36 14.2 1.48. 13.1 1.27. 15.5 
40 — 1.22 18.1 1.33 16.7 1.14 19.6 
45 — 1.11 22.5 1.21 ~~ 20.6 1.04 24.2 

| 50 1.02 27:28 1.11 24.9. 0.961 29.2 

| 55 0.944 32.3 1.03 29.6 0.893 34.6 

| 60 0.880 | 37.8 0.965 34.6 0.835 40.4 
65 0.827 43,6 0.906 39.9 0.785 46.6 
70 , 0.781 49.8 0.856 45.6 0.742 53.1 
75 _ 0.740, 56.4 0811 = 51.6 0.705 60.1 
80 0.704 63.3 Z 0.772 57.9 0.671 67.3 
85 0.672 70.6 0.737 64.6 0.641 75.0 
90 0.643 78.2 0.706 71.5 0.615 82.9 
95 0.618 86.2 0.676 78.7 0.591 91.2 


100 0.595 944 7 0.653 86.2 0.569 9919 
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према 6 Mass Stopping Powers and Ranges, 


Protons—Continued 
Copper, Z = 29 Lead, Z = 82 Water, Н,О 
Stopping Stopping ` Stopping 
Energy power Range power Range power Range 
(MeV) (Mev · m?/kg) (kg/m?) ^ (MeV · m?/kg) (kg/m?) (MeV · m?/kg) (kg/m2?) 
1 12.1 0.061 6.29 0.116 27.1 0.039 
2 8.05 0.165 4.48 0.308 16.4 0.088 
3 6.22 0.308 3.59 0.560 12.1 0.160 
4 5.15 0.486 3.06 : « 0.863 9.67 0.253 
5 4.43 0.696 2.69 1.21 8.13 0.367 
6 3.90 0.937 2.41 1.61 7.04 0.499 
7 3.50 1.21 2.20 | 2.04 ` 6.23 0.650 
8 3.19 ; 1.51 2.02 2.52 5.60 0.820 
9 2.93 1.83 1.88 3.03 5.09 1.01 
10 2.71 2.19 1.75 3.58 4.68 ШІЗ2І 
15 2.01 4.36 1.34 6.88 | 3.37 2.49 
20 1.62 7.14 1.10 iyo 2.66 4.18 
25 1537008 10.5 0.944 16.0 2222 6.25 
30 1.19 14,4 0.830 21.6 1.91 8.68 
35 1.06 18.9 0.744 28.0 1.69 EI 
40 0.959 23.9 0.677 35.0 1.52 14.6 
45 0.877 29.3 . 0.622 - 42.8 1.38 18.1 
50 |. 0.810 35.2 ` 0.578 51.1 1.27 21.8 
55 0.754 41.7 0.540 60.1 1.18 25.9 
60 0.707 48.5 0.507 69.6 1.10 30.4 
65 0.666 55.8 0.480 79.8 1.03 ` 3571 
"i Wd 0.630 63.5 0.455 · 90.5 0.973 .40.1 
75 3, 0.599 71.7 0.434 102. 0.922 45.3 / 
80 70.571 80.2 0.415 114. 0.877 30.9 
85 0.546 | 89.2 0.397 ' 126. 0.838 56.7 
90 0.524 98:509 0.382 13913 0.802 62.8 
95 0.504 ‚108. 0.368 ` 152. 0.770 69.2 
100 0.486 ' 118. 0.355 166. 0.741 75.8 


Data selected from H. Bischel, “Charged particle interactions," in Radiation Dosimetry, vol. 1, edited by F. H. 
Attix and W. C. Roesch (Academic, New York, 1968), pp. 177 and 205. 
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Аррепдіх 7 Mass Stopping Powers aii Ranges, 
Electrons 


i 


Hydrogen, Z=1 
аи Lee ee 


Stopping Power (MeV · m2/kg) 


Energy (MeV) · Collision . Radiation Total Range (kg/m?) 
0.010 5.147Е- 00 1.970E—04 5.147E 00 1.071E—03 
0.020 2.928E 00 1.969E—04 2.928E 00 3.767E—03 
0.030 2.118E 00 1.983Е-04 2.118Е 00 7.846E—03 
0.040 1.693E 00 2.003E—04 1.693E 00 1.317E—02 
0.050 1.429E 00 2.026Е—04 1.429E 00 1.963E—02 
0.060 1.249E 00 2.050E—04 1.249E 00 2.713Е--02 
0.070 1.118Е 00 2.076E—04 1.118E 00 3.562E—02 

. 0.080 1.018Е 00 2.103E—04 1.018Е 00 4.500Е-02 
0.090 9.398Е—01 2.122 Е—04 9.400 Е—01 5.523E—02 
` 0.100 8.766E—01 2.152E—04 8.768Е—01 6.626Е—02 
0.200 5.869Е—01 2.480Е—04 5.871E—01 2.111Е—01 
0.300 4.912Е—01 2.874E—04 | 4.915Е—01 3.993E—01 
0.400 4458E—01 3.305E—04 4.461E—01 6.139Е-01 
0.500 4.205Е—01 3.779Е-04 4.209Е-01 8.453Е-01 
0.600 4.053Е—01 4.291Е-04 4.057E—01 1.088E—00 
0.700 3.956Е-01 4,836Е-04 3.961E—01 1.337E, 00 
0.800 3.893Е-01 5.407Е-04 3.899E—01 1.592E 00 
0.900 3.852E—01 /6.033E—04 3.858E—01 1.850E 00 
1.000 3.826Е-01 6.647Е-04 3.832E—01 2.110E 00 
2.000 3.833E—01 1.360E-03 3.846E—01 4.730E 00 
3.000 3.933Е-01 2.157Е-03 3.955Е-0 7.294Е 00 
4.000 4.029E—01 3.026E—03 4.059Е-0 9.789Е 00 
5.000 - 4.112E—01 | 3.954E—03 4.152E—01 1.222Е 01 
6.000 4.184E—01 4.918E—03 4.234Е-01 1.461Е 01 
7.000 4.248E—01 5.911E—03 4.307Е-01 1.695Е 01 
8.000. 4.304Е—01 . 6.931 Е—03 4.373E—01 1.925Е 01 
9.000 4.354Е—01 7.999Е—03 4.434Е—01 2.153Е 01 
10.000 4.400Е—01 9.064E—03 4.490E—01 2.377E 01 
20.000 4.707Е-01 2.042Е-02 4.912 Е—01 4.498Е 01 
30.000 4.390 Е—01 3.255 Е—02 5.216Е-01 6.471Е 01 
40.000 5.013Е-01 4.512Е-02 5.464Е-01 8.343Е 01 
50.000 5.089Е-01 5.797Е-02 .3.669E—01 1.014Е 02 
60.000 5.141E—01 7.102Е-02 5.852Е-01 1.187Е 02. 
. 80.000 5.211Е—01 9.756Е—02 6.187E—01 1.520Е 02 
100.000 5.258E—01 1.245Е-01 6.503Е-01 1.835Е 02 


ee _ ав а 
Data selected from М. J. Berger and S. M. Seltzer, “Tables of energy losses and ranges of electrons and positrons,” 
in Studies in Penetration of Charged Particles in Matter, Publication 1133 (National Academy of Sciences—National 
Research Council, Washington (1964), p. 205. 
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Appendix 7 Mass Stopping Powers and Ranges, 
Electrons—Continued 


Carbon, Z = 6 


Energy (MeV) Collision Radiation Total ' Range (kg/m?) 
0.010 2.015Е 00 4,089 Е—04 2.016E 00 2.819E—03 
0.020 1.178Е 00 3.952E—04 1.178E 00 9.589E—03 
0.030 8.634Е—01 3.893E—04 8.638Е—01 - 1.965Е--02 
0.040 6.958Е-01 3.869Е--04: 6.962Е-01 3.264Е-02 
0.050 5.909E—01 3.885E—04 5.913Е—01 4.830Е—02 
0.060 5.188Е—01 3.921Е—04 5.192Е-01. 6.640E—02 
0.070 4.661Е—01 3.971Е—04 4.665Е—01 8.676E—02 
0.080 4.259E—01 4.029E—04 4.263E—01 1.092E—01 
0.090 3.941Е-01 4.073Е-04 3.945E—01 1.336Е—01 
0.100 3.685Е—01 4.145E—04 3.689Е-01 1.599Е-01 
0.200 2.493Е-01 5.042 Е—04 2.498E—01 5.015E—01 
0.300 2.097Е-01 6.078Е-04 2.103Е-01 9.425E—01 
0.400 1.907E—01 7.177E—04 1.914E—01 1.443E—00 
0.500 1.801Е-01 8.295Е-04 1.809E—01 1.982E 00 
0.600 1.735Е-01 9.418Е—04 1.745E—01 2.545E 00 
0.700 1.693Е-01 1.055Е-03 1.704Е-01 3.126E 00 
0.800 1.665Е-01 1.169Е-03 1.677Е-01 3.718Е 00 
0.900 1.646Е-01 1.285Е-03 1.659Е—01 4.317E 00 
1.000 1.634E—01 1.402E—03 1.648E—01 4.922E 00 
2.000 1.619E—01 2.617E—03 1.645E—01 1.103E 01 
3.000 1.645Е-01 3.931E—03 1.684E—01 1.704E 01 : 
4.000 1.670Е-01 '5.357Е—03 1.724Е-01 2.291E 01 
5.000 1.692Е-01 6.878Е--03 1.761Е-01 2.864E or 
6.000 1.710Е-01 8.454Е-03 ~ 1.795Е-01 3.427E 01 
7.000 1.726Е-01 1.008Е-02 1.826Е-01 3.979Е 01 
8.000 1.739Е-01 1.174Е-02 1.856Е-01 4,522Е 01 
9.000 1.751E—01 1.351E—02 1.886Е—01 5.057E 01 
10.000 1.761Е-01 1.526Е—02 1.914E—01 5.583E Ol 
20.000 1.825Е—01 3.388Е—02 2.164E—01 1.049E 02 
30.000 1.859E—01 5.367E—02 2.396E—01 1.488E 02 
40.000 1.882E—01 7.402E—02 2.622E—01 1.887E 02 
50.000 1.899Е—01 9.475E—02 _ 2.847Е—01 2.252E 02 
60.000 1.914Е-01 1.158E—01 :3.071E—01 2.591Е 02 
80.000 1.936Е-01 1.583Е-01 3.519Е-01 3.198E 02 

100.000 1.953E—01 2.013Е—01 3.966Е—01 3.734E 02 


Stopping Power (MeV + m?/kg) 


Appendixes 


Aluminum, Z — 13 


Energy (MeV) Collision Radiation Total Range (kg/m?) 
0.010 1.657E 00 8.600E—04 1.658E 00 3.519E—03 
0.020 9.885Е—01 8.373E—04 9.893E—01 1.165E—02 
0.030 7.316Е—01 8.276Е—04 7.325E—01 2.356E—02 
0.040 5.932E—01 8.252Е-04 5.940E—01 3.883E—02 
0.050 5.059Е-01 8.329E—04 5.067Е-01 5.714Е-02 
0.060 4.456E—01 8.446E—04 4.465Е—01 7.822 Е—02 
0.070 4.014Е-01 8.588Е-04 4.023Е-01 1.019E—01 
0.080 3.676Е—01 8.746Е—04 3.684Е-01 1.279Е-01 
0.090 3.408Е—01 8.928Е—04 3.417Е-01 1.561Е-01 
0.100 3.191Е-01 9.105E—04 3.200Е-01 1.864Е-01 
0.200 2.188Е—01 1.100E—03 2.1992Е—01' 5.772Е-01 
0.300 1.848E—01 1.317E—03 1.861E—01 1.077E 00 
0.400 1.691E—01 1.549Е-03 1.706Е-01 1.640Е 00 
0.500 1.603Е-01 1.782Е-03 1.621Е-01 2.243E 00 
0.600 1.551Е—01 2.011E—03 1.571E—01 2.871E 00 
0.700 1.517ET01 2.240Е-03 1.540E—01 3.514E 00 
0.800 1.496E—01 2.469E—03 1.521Е-01 4.168E 00 
0.900 1.482E.-01 2.704E—03 1.509E—01 4.828E 00 
1.000 1.473Е—01 2.933E—03 1.502Е-01 5.493E—01 
2.000 1.476E—01 5.204Е-03 1.528Е-01 1.212E 01 

| 3.000 1.508Е—01 7.612Е—03 11584Е-01 1.855E 01 
, .4.000 1.537Е—01 1.025Е—02 1.639Е--01 _ 2476E 01 

| 5,000 1.561Е-01 1.310Е-02 1.692Е-01  3:076E 01 
6.000 1.581Е—01 1.604E—02 1.741E—01 3.658E 01 
7.000 1.598Е-01 1.907Е-02 1.789Е-01 4.225E 01 
8.000 1.613E—01 2.217Е-02 1.835Е—01 4.777E 01 
9.000 1.626Е—01 2.545Е—02 1.880Е—01 5.315Е 01 
10.000 1.637E—01 2.869E—02 1.924E—01 5.841E 01 
20.000 1.709E—01 6.317E—02 . 2.341Е—01 1.054E 02 
30.000 1.747Е—01 9.973E—02 2.745E—01 1.448E 02 
40.000 1.773E—01 1.373Е-01 3.146Е—01 1.788E 02 
50.000 1792 Е—01 1.755E—01 3.547E—01 2.087E 02 
60.000 1.808E—01 2.141Е-01 3.949Е-01 2.355Е 02 
80.000 1.831Е-01 2.923E—01 4.754E—01 2.816E 02 

100.000 1.849E—04 3.710E—01 У 5.559E—01 3.204E 02 


Stopping Power (MeV · m?/kg) 


~ 
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Appendix 7 Mass Stopping Powers and Ranges, 


Electrons—Continued 


Copper, Z = 29 


Energy (MeV) 


0.010 
0.020 
0.030 
0.040 
0.050 


0.060 
0.070 
0.080 
0.090 
0.100 


0.200 
0.300 
0.400 
0.500 
0.600 
0.700 

| 0.800 
0.900 
1.000 
2.000 
3.000 

: 4,000 
5.000 
6.000 
7.000 


8.000 © 


9.000 
10.000 
20.000 
30.000 


Stopping Power (MeV · m?/kg) 


Collision 


1.328E 00 
8.120 Е—01 
6.078E—01 
4.962E—01 
4.252Е-01 


3.759Е—01 
3.396Е—01 
3.118E—01 
2.896E—01 
2.717E—01 
1.882E—01 
1.603Е-01 
1.473Е-01 
1.396Е-01 


1.353E—01 
1.327E—01 
1.310Е-01 
1.299Е—01 
1.293Е—01 


1.305Е—01 
1.338Е—01 
1.367E—01 
1.391Е-01 


1.411E—01 
1.428Е-01 
1.442Е-01 
1.455E—01 
1.466E—01 
1.535E—01 
1.573Е-01 
1.597E—01 
1.616E—01 


` 1.631Е-01 


1.653Е-01 
1.670Е-01 


Radiation 


1.793E—03 
1.773Е—03 
1.818E—03 
1.886E—03 
1.940E—03 


1.988E—03 
2.033Е-03 
2.076E—03 
2.105E—03 
2.147E—03 
2.557E—03 
3.022E—03 
3.519E—03 


4.010E—03 . 


4.489E—03 
4.961 E—03 
5.428E—03 
5.837E—03 
6.304E—03 


1.115Е—02 
1.635Е—02 
2.173Е-02 
2.724Е-02 


3.292E—02 _ 


3.875Е-02 
4.470E—02 
5.104Е-02 
5.722Е—02 


1.224Е—01 
1.917Е—01 
2.637Е—01 
3.365E—01 


4.101E—01 ` 


5.588Е-01 
7.086Е-01 


Total 


1.329E 00 
8.137Е-01 
6.096Е-01 
4.981Е-01 
4.272Е-01 


3.779Е-01 
3.417Е-01 
3.138E—01 
2.917E—01 
2.738E—01 


1.908E—01 
1.634E—01 
1.508E—01 
1.436Е-01 


1.398Е-01 
1.376Е-01 
1.364E—01 
1.358Е-01 
1.356Е-01 


1.417Е-01 
1.502Е-01 
1.584E—01 
1.663E—01 


1.740Е-01 
1.815Е-01 
1.889Е-01 
1.965Е-01 
2.038Е-01 
2.759E—01 
3.490E—01 
4.234E—01 
4.981Е-01 
5.732E—01 
7.242E—01 
8.756E—01 


Капре (kg/m?) 


4.556Е-03 
1.453E—02 
2.892E—02 
4.719E—02 
6.896E—02 


9.392E—02 
1.218E—01 
1.524E—01 
1.855E—01 
2.209E—01 
6.739Е-02 
1246Е 00 . 
1.886E 00 
2.567E 00 
3.274E 00 
3.995E—00 
4.725E—00 
5.461E—00 
6.198E 00 


L344E 01 
2.030E 01 
2.678E 01 
3.294E -01 


3.881E 01 
4444E 01 
4.984E 01 
5.503E 01 
6.003E 01 


1.000E 02 
1.342E 02 
1.602Е 02 
1.819E 02 
2.006E 02 
2.316E 02 
2.567E 02 


А 


Appendixes 385 


. Lead, Z = 82 


Stopping Power (MeV + т2/Кр) 


Energy (MeV) Collision Radiation Total Range (kg/m?) 
0.010 8.419Е—01 4.513Е—03 8.464Е—01 8.251Е—03 
0.020 5.450E—01 4.620Е-03 5.496Е-01 2.335Е—02 
0.030 4.179E—01 4.827E—03 4.228E—01 4.434E—02 
0.040 3.462E—01 5.074E—03 3.513Е—01 7.044 Е—02 
0.050 D'OSgE Ot 5.262Е-03 3.049Е-01 1.011Е-01 
0.060 2.669Е—01 5.426E—03 2.724E—01 1.359E—01 
0.070 2.426Е—01 ^ 5.576Е-03 2.481Е-01 1.744E—01 
0.080 · 2.237Е-01 5.716E—03 2.294E—01 2.164E—01 
0.090 2.087Е—01 5.812E—03 2.145Е-01 2.615E—01 
0.100 1.964E—01 5.944E—03 2.024E—01 3.096E—01 
0.200 1.389E—01 7.251Е-03 1.461Е-01 9.100E—01 
0.300 1.196Е—01 8.460E—03 1.280Е—01 1.648E—00 
0.400 1.106E—01 9.623E—03 1.203E—01 2.457E—00 
0.500 1.059Е-01 1.078Е-02 1.167E—01 3.303E—00 
0.600 1.033Е-01 1.194Е-02 1.152Е—01 4.166E—00 
0.700 1.018Е-01 1.310E—02 1.149E—01 5.036E—00 
0.800 1.010Е-01 1.425Е-02 1.153E—01 5.906E—00 
0.900 | 1.003E—01 1.545Е-02 1.157Е-01 6.771Е-00 
1.000 1.002E—01 1.661E—02 1.168Е—01 7.631E—00 
2.000 1.036Е—01 2.802Е-02 1.316E—01 1.571E 01 

. 3.000 1.076Е—01 f 3:999E-02 1.476Е-01 2.288Е 01 
4.000 1.109E—01 5.212Е-02 1.630Е-01 2.933E 01 
5.000 1.135Е—01 6.437Е—02 1.779E—01 3.519E Ol 
6.000 1.157E—01 7.678Е—02 1.925Е-01 4.060Е 01 
7.000 1.176E—01 8.933Е—02 2.069Е-01 4.561E 01 
8.000 1.191Е—01 1.020Е—01 2.211E—01 5.028E 01 
9.000 1.205E—01 1.146Е—01 2.352Е-01 5.466Е 01 
10.000 1.217E—01 1.275Е-01 2.493Е-01 5.879E 01 
20.000 1.293Е-01 2.614Е-01 3.907E—01 9.060E Ol 
30.000 1.334E—01 4.003E—01 5.337E—01 1.124Е 02 
40.000 1.360E—01 5.422E—01 6.783E—01 1.290E 02 
50.000 1.380E—01 6.923E—01 8.303E—01 1.423E 02 
60.000 1.396E—01 8.434Е—01 9.829E—01 1.534E 02 
80.000 1.419E—01 1.148E 00 1.290E 00 17ПЕ 02 
100.000 1.436Е-01 1.455Е 00. 1.599E 00 1.850Е 02 
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Appendix 7 Mass Stopping Powers and Ба 
Electrons—Continued 


Water, H;O 


Energy (MeV) Collision Radiation Total Range (kg/m?) 
0.010 2.320E 00 5.069E—04 2.321E 00 2.436E—03 
0.020 1.350E 00 4.904Е—04 . 1.351Е 00 8.331E—03 
0.030 9.879Е—01 4.825Е—04 9.884Е—01 1.712Е—02 

` 0.040 7.951E—01 4.788E—04 7.956E—01 2.848E—02 
0.050 6.747E—01 4.812E—04 6.751Е-01 4.218E—02 
0.060 5.919E—01 4.863Е-04 5.924E—01 5.804E—02 
0.070 5.315E—01 4.932Е-04 5.320Е—01 7.589Е—02 ` 
0.080 4.854Е—01 5.011Е-04 4.859E—01 9.559E—02 
0.090 4.491Е-01 5.089Е-04 ` 4.496E—01 1.170E—01 
0.100 4.197E—01 .5.184E—04 | 4.200E—01 1.400E—01 
0.200 2.844E—01 6.286Е—04 : 2.850E—01 4.400E—01 
0.300 2.394E—01 7.561E—04 2.401Е—01 8.263Е—01 
0.400 2.181E—01 8.921E—04 2.190E—01 1.264E 00 
0.500 2.061E—01 1.030E—03 2.071Е-01 1.735E 00 
0.600 1.989Е-01 1.168Е—03 2.000E—01 2227E 00 
0.700 1.942E—01 1.306E—03 1.955E—01 2.733E 00. 
0.800 1.911Е-01 1.445E—03 1.926Е—01 3.248Е 00 
0.900 1.890E—01 1.586E—03 1.906E—01 3.771Е 00 
1.000 1.876E—01 1.727Е-03 1.893Е-01 4.297Е 00 
2.000 1.858Е—01 3.187E—03 1.889E—01 9.613E 00 
|. 3.000 : 1.884E—01 4.757E—03 1.931E—01 1.485E 01 
4.000 1.909E—01 6.458Е-03. 1.974Е-01 1.997Е/ 01 
5.000 1.931Е-01 8.270E—03 .2.014Е—01 2.499Е 01 
6.000 1.949Е—01 1.015Е—02 2.051Е—01 2.991Е 01 
7.000 1.964E—01 1.209E—02 2.085E—01 3.474Е 01 
: 8.000 1.978E—01 1.408E—02 2.119E—01 3.950E 01 
9.000 1.989E—01 1.621E—02 2.152E—01 '4418E 01 
10.000 2.000E—01 1.829E—02 2.183Е-01 4.880Е 01 
20.000 2.064E—01 4.055E—02 2.470E—01 9.180E 01 
'30.000 - ; 2.100E-01 -6.419E—02 2.742E—01 1.302Е 02 
40.000 2.125Е-01 8.849Е-02 3.010Е-01 1.650Е 02 
50.000 2.144E—01 1.132E—01 3.276Е-01 1.968E 02 
60.000 2.160Е—01 1.383Е-01 3.543Е-01 2.262E 02 
80.000 2.185Е—01 1.890Е—01 4.075Е—01 2.788E 02 
100.000 2.204E—01 2.403E—01 4.607Е-01 3.249Е 02 


л. 
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Appendix 8 Electron Beam Percent Depth Dose Data 


Percent Depth Dose, 10-MeV Electrons* 


Field Size (cm) 


Depth (ст) 4X4 6X6 8X8 10 X 10 12 X 12 15 X 15 20 X 20 


O 90.7 92.2 93.2 94.1 94.8 95.6 95.9 
1.5 93.7 94.7 95.5 96.4 97.4 98.1 98.1 
2.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
2.5 97.0 98.3 99.1 99.6 99.8 100.0 100.0 
3.0 81.0 88.0 91.1 91.7 90.7 89.8 89.7 
3.5 59.1 62.3 64.7 — 66.2 65.7 65.1 64.8 
4.0 35.0 37.6 39.6 40.8 40.6 40.4 40.3 
4.5 13.7 16.0 17.8 18.8 18.0 | 17.1 16.8 
5.0 3.2 3.31 _ Low 4.5 4.5 4.4 4.5 
5.5 1.0 021 1 1.3 1.4 1.4 1.5 1.7 
6.0 0.9 1.1 1.2 1.3 1.3 14 1.6 


| Percent Depth Dose, 25-MeV Electrons* 


| | Field Size (cm) 


! 


Depth (ст) 4x4 6X6 8X8 10 X 10 12 X 12 15 X 15 20 x 20 


1 94,5 95.5 95.6 _ 95.6 95.4 94.6 94.4 
2 100.0 99.0 - . 98.6 98.4 98.4 98.3 98.2 
3 95.6 100.0 100.0  . 100.0 100.0 100.0 100.0 
4 91.2 98.0 100.0 100.0 100.0 100.0 100.0 
5 85.4 94.6 98.9 99.7 99.5 99.5 99.5 
6 78.3 90.0 96.9 98.0 98.0 98.0 98.0 
7, 69.6 820 90.2 93.7 94.6 94.6 94.7 
8 58.7 73.3 82.5 86.5 88.0 88.0 88.0 
29 48.0 61.0 70.6 76.0 78.4 78.4 78.5 
10 35.6 47.1 55.1 60.3 63.0 64.1 64.4 
11 22.6 30.5 36.3 40.0 42.3 43.2 43.4 
12 11.6 13.3 15.2 16.8 18.3 . 19.3 19.7: 
13 4.9 5.7 66 7.5 8.0 8.3 28.5 
14 30. 3.3 3.6 4.0 4.5 5.0 5.0 
‚15 2.8 3.0 3.2 3.5 38 м 3.9 „39 


* 1.00 m = F (distance from origin of beam to water surface). 
n 755 . 
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Appendix 12 Absorbed Dose Constants 


Technetium-99m 
Mean 
Mean Energy Ai Transition 
Number (MeV) ( g:rad ) % of dis- Energy 

Radiation Type (i) Wi (E) "Ap Ci-h integrations (MeV) 

Gamma-1 0.00 0.0021 0.0000 

M int. con. electron, 1 0.986 0.0017 0.0036 | vum s 92202 

Gamma-2 0.883 0.1405 0.2643 

K int. con. electron, 2 0.0883 0.1195 0.0225 

L int. con. electron, 2 0.0109 0.1377 0.0032 25:6 гау 

M int. con. electron, 2 . 0.0036 0.1401 . 0.0011 

Gamma-3 0.0003 0.1427 0.0001 | 

К int. con. electron, 3 0.0096 · 0.1217 0.0025 14 0.1427 
. L int. con. electron, 3 0.0030 0.1399 0.0009 

M int. con. electron, 3 0.0010 0.1423 0.0003 

K а-1 x rays 0.0431 0.0184 0.0017 

K a-2 x rays 0.0216 0.0183 0.0008 

K:B-1 x rays i 0.0103 0.0206 0.0005 

K B-2 x rays . 0.0018 0.0210 0.0001 

L x rays | 0.0081 0.0024 0.0000 

KLL Auger electron © 0.0149 0.0155 0.0005 

KLX Auger electron 0.0055 0.0178 0.0002 

KXY Auger electron 0.0007 0.0202 0.0000 

LMM Auger electron 0.106 0.0019 0.0004 


MXY Auger electron 1.23 - 0.0004 · 0.0010 
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Appendix 12 Absorbed Dose Constants—Continued 


Iodine-131 
Mean \ f 
Mean Energy Ai Transition 
Number (MeV) ( 2 · тад ) % of dis- Energy 
Radiation Type (i) Wi (Ej) pCi-h integrations (MeV) 
Beta-1 0.016 0.0701 . 0.0024 1.6 0.25 
Beta-2 0.069 0.0955 0.0140 6.9 0.33 
Beta-3 0.005 0.1428 0.0015 0.5 0.47 
Beta-4 0.904 0.1917 0.3691 90.4 0.606 
Beta-5 0.006 0.2856 0.0037 0.6 0.81 
Gamma-1 0.0173 0.0802 0.0030 
K int. con. electron, 1 0.0294 0.0456 0.0029 
L int. con. electron, 1 0.0029 0.0751 0.0005 | qe PAL 
M int. con. electron, 1 0.0010 0.0792 0.0002 
Gamma-2 0.0001 0.1640 0.0000 
K int. con. electron, 2. 0.0037 0.1294 0.0010 | 0.6 0.1640 
1, int. con. electron, 2 0.0016 0.1589 0.0005 
M int. con. electron, 2 0.0005 0.1630 0.0002 
Gamma-3 0.0014 0.1772 0.0005 
K int. con. electron, 3 0.0003 0.1427: 0.0001 } ute en 
Gamma-4 0.0475 0.2843 0.0288 
K int. con. electron, 4 0.0025 0.2497 0.0013 | 5.06 0.2843 
L int. con. electron, 4 0.0005 0.2793 0.0003 қ н 
М int. con. electron, 4 0.0002 0.2834 0.0001 
Gamma-5 0.0017 0.3258 0.0012 0.18 0.3258 ; 
Gamma-6 0.833 0.3645 0.6465 
K int. con. electron, 6 0.0167 0.3299 0.0117 i 
L int. con. electron, 6 0.0028 0.3594 0.0021 | 5а oe 
M int. con. electron, 6 0.0009 0.3635 0.0006 à 
Gamma-7 0.0032 0.5030 0.0034 0.32 0.5030 
Gamma-8 0.0687 0.6370 0.0932 | 69 0.6370 
K int. con. electron, 8 0.0003 0.6024 0.0004 
Gamma-9 0.0159 0.7229 0.0245 1.6 “0.7229 
К а-1 x rays 0.0252 0.0298 0.0016 | 
К a-2 x rays 0.0130 0.0295 0.0008 
K B-1 x rays . . 0.0070 0.0336 0.0005 
K B-2 x rays 0.0015 0.0346 0.0001 
L x rays 0.0078 0.0041 0.0001 
KLL Auger electron 0.0042 0.0245 0.0002 
KLX Auger electron 0.0018 0.0286 0.0001 
KXY Auger electron 0.0003 0.0327 0.0000 
LMM Auger electron 0.0486 0.0032 0.0003 
MXY Auger electron 0.117 0.0009 0.0002 


Data selected from L. T. Dillman, “Radionuclide decay schemes and nuclear parameters for use in radiation- 
dose estimation," J. Nucl. Med. Suppl. 4, 22 (1969). 
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A 3 
Absorbed dose, 8, 237—241, 344 
and linear energy transfer, 348 
and specific energy, 349—350 
Absorbers | 
density of, and linear attenuation 
coefficient, 93 
half-value thickness for, 9, 95. See 
also Half-value thickness 
penetration of particles into, 65-87 
thick, 54 
bremsstrahlung yields from, 54— 
57 
thin, 54. 
Absorption of energy, 7 
Absorption reactions 
neutron, 193-220, 223 
photon, 133-161, 223. 
Acceleration, in electron collisions 
with nucleus, 47-49 
Acceptor atoms, in crystals, 290 
Activation energy in ionic crystals, 
306, 307 
Activator impurity atoms, in crystals, 
301 | 


Ап 
atomic-number-to-mass-number 
ratio for, 34 
and average energy per ion pair 
produced in gas, 263, 264 
energy range of protons in, 70 


·. exposure-to-dose conversion factor 


for, 109 
tissue-air ratio, 244—245 
Albedo, 237 
Alpha particles, 2 
average energy per ion pair 
produced in gas, 263, 264 
energy loss by, 15-36 
· path-length straggling for, 74 
Aluminum 
atomic-number-to-mass-number 
ratio for, 34: р 
coherent scattering form factor for, 
117-118 
cross section for electron excitation 
in, 292, 293 
electron degradation spectrum in, 
257 Е; | 
electron stopping power іп, 43-44 
energy range for electrons in, 70 
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410 


Aluminum—continued 
energy range for inelastic scattering 
in, 209 
filters in x-ray machines, 100-101 
photoabsorption in, mass 
attenuation coefficient for, 138, 
140 | 
radiation length for, 54 
work function for surface 
photoelectric effect, 140 
Angle of Compton electron, 120 
Angular distributions 
for atomic photoelectric effect, 143 
for charged-particle secondaries, 
226-227 
for Compton electrons, 125 
and isodose contours, 248 
for neutron elastic scattering 
reactions, 175-176 
for Thomson scattering, 123 
Annihilation, positron, 60—61 


Antimony, work function for surface | 


photoelectric effect, 140. 
Argon, and average energy per ion pair 
produced in gas, 264 
Atomic electrons, Bohr energy | 
expression for, 146 
Atomic-number-to-mass-number 
ratios, 34 
Atomic photoelectric , ПЭМ 139-147 
Attenuation, 92, 95- 102 
Attenuation coefficients 
linear, 92-93 
mass, 93-94. See also Mass 
attenuation coefficient 
for neutron absorption reactions, 
217-219 
for neutron elastic scattering, 184— 
189 
and percent depth-dose values, 243 
for photon absorption, 157—160 
for photon scattering, 127-130 
Auger effect, 22, 227-228 
in molecules, 336-337 
Auger electrons, 141, 227-228 


Index 


Average energy | 
excitation. See Energy, average 
excitation energy 
per ion pair, 28, 261—265 
of radiation beam, 9, 10 © 


B 
Backscattering 
and albedo, 237 
in neutron-nucleus collisions, 172 
of photons, 121-122 
Barriers 
in neutron-induced fission, 216 
in particle emission reactions, 211, 
212% 28 | 
shielding, and scatter buildup effects, 
234—235 | 
Benzene, ionization potential of, 2 
Beryllium, atomic structure of, 321 
Bessel function, modified, and 
bremsstrahlung process, 49 
Beta particles, transmission curve for, 
68-69 | 
Bethe-Bloch formula, 17 
Binding energy 
of electrons. See Electron(s), 
-binding energy of 
of nucleon in nucleus, 148, 213, 214 


Biological effectiveness, relative, 344— 


347 
and logarithm of neutron dose, 362- 
363 
Biological effects of radiation, 3-4, 11— 
.13, 29, 344, 359-363. See also 
Radiation effects 
Bloch functions, of crystals, 286 
Bloch relationship, 32 
Bohr energy expression, for atomic 
electrons, 146 
Boltzmann factor, 300 
Bonding of atoms, hybridization in, 
|. 320-322 
Bone, exposure-to-dose conversion 
factor for, 109 


Index 


Boron 
atomic structure of, 321 
energy ranges for inelastic 
scattering, 209 
in gaseous detector tubes, 208 
Bragg additivity rule for stopping 
power, 34, 58, 94 
. Bragg ionization curves, 81-83 
Bragg scattering, 118 
Breit-Wigner resonance line shape, 
151, 200-201 
Bremsstrahlung emission, 12, 16, 45- 
51, 105, 107 
and electron degradation spectrum, 
257 
and electron percent depth dose, 84 
and energy of liberated charged 
particles, 94 
and pair production, 157 
and radiation length, 53-54 
: and yields from thick absorbers, 54- 
57 
Broad-beam, geometry, 96-97 
and transmission curves for photons 
and neutrons, 235-237 
Bubble chambers, use, of, 28 
Buildup ; 4 
charged-particle, 106-107, 230-231 
scatter buildup effects, 231—237 
and tissue-air ratio, 245 


С Г 
Cadmium 
absorber for neutrons, mass 
attenuation coefficient for, 99 
radiative capture thermal neutron 
| cross-section values for, 206 
Cadmium sulfide | 
‘average energy per electron-hole 
pair, 297 
charge conduction properties of, 295 
photoabsorption in, mass 
attenuation coefficient for, 138, 
139 


41 


Carbon 
atomic-number-to-mass-number 
ratio for, 34 
atomic structure of, 321 
average energy per electron-hole 
pair, 297 
average excitation energy for, 35 
band gap energy for, 289 
charge conduction properties of, 
295 | 
energy ranges for inelastic 
scattering, 209 
neutron moderation by, 183 
radiation length for, 54 
Carbon dioxide, ionization potential 
of, 2 
Carbon monoxide, energy levels for 
molecular orbitals in, 331, 
332 
Cavity-dose relationships, 269-273 
in intermediate cavity, 272-273 
in large cavity, 270—271 
in small cavity, 271—272 
Cavity-to-medium perturbation factor, 
271 | í 


. Cellular damage from radiation, 4, 29, 


344, 359—363 


‘Center of mass system, 134 


and neutron-nucleus collisions, 168— 
169 
Centigray, 8 ; 
Central axis percent depth-dose curves, 
243 
Cesium-137, production by neutron 
absorption reactions, 248 : 


Cesium antimonide 


band gap energy for, 289 

work function for surface 
photoelectric effect, 140 

Charge "I 

liberated in gaseous absorber, 260— 

268 
and density of gas, 265-266 

mobile carriers in crystals, 294— 

205 
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Charged particles 
buildup of, 106-107, 230-231 
energy deposition in depth, 65-87 
depth-dose curves for, 81-86 
energy and path-length straggling 
in, 72-75 
and expressions for range versus 
 -energy, 69-72 — 
multiple scattering in, 76-81 
path length and range in, 65-69 . 
and target theory, 354—355 
energy transfer to, and absorbed 
fractions for organs, 240-241 
equilibrium during irradiation, 104— 
107 
heavy, energy loss by, 15-36. See 
also Heavy charged particles 
passage through spheres, 350-353 
range for, 65 | 
CSDA, 69—70 
projected, 66 
and projected path length, 67 
unit density, 70—72 
secondary, 225—231. See also 
Secondaries, charged particles 
from photon or neutron sources 
Clusters of ion pairs, in path of ion, 
29 | 
Cobalt 
production by neutron absorption 
reactions, 248 
radiative capture thermal neutron 
cross-section values for, 206 
Coefficients 
attenuation. See Attenuation 
coefficients 
for indirectly ionizing radiations, 92 
mass energy absorption, for photon 
scattering, 130 
mass energy transfer, 94. See also 
Mass energy transfer coefficient 
molar extinction, 92—93 
for ferric sulfate and ferrous 
. sulfate solutions, 136-137 
photoelectric, 110 


Index 


Coherent scattering, 117 
cross section for, 126 
from crystal planes, 118 
Cold neutrons, 166, 186—187 
Collisional energy loss 
and bremsstrahlung. See . 
Bremsstrahlung emission 
in Compton scattering, 120 
by electrons and positrons, 39-45 
by heavy charged particles, 16-22 
in neutron elastic scattering, 168— 
172 
stopping power for 
in cavity and in medium, 272 
and equilibrium degradation 
fluence of source electrons, 255 
for heavy charged particles, 23- 
27 
Compound nucleus, 197—200 
shapes during fission, 213, 215 
Compton edge, 121-122 
Compton electron, 118 
angle of, 120 
angular distribution for, 125 
outgoing energy of, 120 
Compton peak, 121—122, 126 
Compton scattering, 114, 118-122, 181 
Conduction band, in crystalline solids, 
137, 138, 287, 288 
Conductivity, electrical, 294-295 
Conductors, electrical, 288 
Copper 
atomic-number-to-mass- ober 
ratio for, 34 
conductivity of, 294 
crystalline, lattice constant for, 282 
energy ranges for inelastic 
scattering, 209 
radiation length for, 54 
Critical energy, 59 
Cross sections 
for atomic photoelectric effect, 142- 
146, 159 
for bremsstrahlung emissions, 45-51 
for collisional energy loss of heavy 
charged particles, 16-22 


Index 


for electrons 
excitation in aluminum, 292, 293 
incident on argon atoms, 40-41 
incident on nitrogen targets, 41 
for indirectly ionizing radiations, 
91-95 
Klein-Nishina, 123-127 
for neutron absorption reactions, 
` resonances іп, 197-202 
for neutron elastic scattering, 172- 
181 
for neutron-induced fission, 212, 214 
for neutron radiative capture, 211 _ 
for pair production, 153-155 
for photonuclear absorption, 149— 
151 
for positron annihilation, 61 
for Thomson scattering, 117 
CEST solids, 281—311 
band gap energies for, 289 
coherent scattering from planes in, 
118) | 
collective electron transitions in, 
291-294 
current density of electrons and 
holes in, 298 


discrete-state electron transitions їп, 


291 
electron energy bands in, 137, 138, 
282-287 
electron-hole pairs in, 291 
average energy of, 295-297 
and charge-carrier density, 295 


electron-hole recombination іп, 297- . 


298, 302—303 
electron trapping in, 298 
excitations in, 287-294 
. Fermi energy of, 287, 288 
' gap width of, 287 
hole motion in, 288—289 
impurities in, 290 
interband electron transitions in, 291 
` interband excitations in, 137-138 
intraband electron transitions in, 
291 
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intraband excitations in, 138 
ionic, activation energies for, 306, 
307 
lattice constants for, 281, 282 
luminescence in, 299-305 
mobile charge carriers in, 294—299 
neutron scattering from, 176 
nonconducting, electrical properties 
of, 295 
photoabsorption in, low-energy, 
137-138 
radial distribution functions for, 317 
and silver bromide radiolysis in 
emulsions, 305—310 
' three-dimensional wave functions of, 
286—287 
unit cells of, 281, 282 
vacancy defects in, 289—290 
CSDA range, for charged particles, 
69—70 
Cutoff energy 
for electrons and positrons, 42 
for heavy charged particles, 30 
Cytosine, molecular energy level for, 
331, 333 


р 


De-excitation 
luminescent, 301 
in molecular solutions, 332—337 
Delta rays, 28-29 
Density 
of absorbers, and linear attenuation 
coefficient, 93 
of gas, charge related to, 265-266 
optical, of photographic film, 308- 
309 | 
unit density range, 70–72 
Density effect, relativistic 
for electrons and positrons, 44—45 
for heavy charged particles, 30 
Depth 
energy deposition i in,. 223-250: 
апа kerma-to-dose conversion 
factor, 107, 108 


414 | 


Depth-dose curves, 241—248 
central axis percent, 243, 244 
and isodose contours, 246-248 
and tissue-air ratio, 244—245 


and tissue-maximum ratio, 245—246 


and tissue-phantom ratio, 245 _ 
Detector response, and scatter buildup 
factor, 233, 235 
Deuterium, neutron moderation by, 
183 
Deuterons, properties of, 16 
Development of film, chemistry of, 
308 
Diffraction, crystal, 118 
Dirac expression for positron 
annihilation cross section, 61 
Dissociation in molecular solutions, 
337—338 
bond energies for, 4 
and vibrational excitation, 13 
Divergence, of isodose contour edges, 
247 A 
DNA damage from radiation, 29, 344, 
359 
Donor atoms in crystals, 290 
Dose 
absorbed. See Absorbed dose 
cavity-dose relationships, 269-273 
in charged-particle buildup regions, 
230-231 
depth-dose curves, 241—248 
internal, from distributed sources, 
237—241 
..kerma-to-dose conversion ratio, 
106—107, 242—243 
and penetration depth, 225 
relation to exposure, for photons, 
107-110 
relation to kerma, 102-107 
and tissue-air ratio, 244—245 
Dose equivalent, calculation of, 347 
Dosimeters, 253 
cavity, 269 
Fricke, 137, 269 · 
thermoluminescent, 304 
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E 


Elastic processes, in interactions of fast 
charged particles, 15-16 
Elastic scattering reactions 
neutron, 165-190 
photon, 113, 114—118 : 
Electric field of electromagnetic wave, 
114, 115 
Electromagnetic wave, elastic 
scattering of, 114-118. 
Electron(s), 2 
atomic, Bohr energy expression for, 
146 | 
Auger, 141, 227-228 
average energy per ion pair 
produced in gas, 263, 264 
binding energy of | | 
and atomic photoelectric effect, 
141-142 
in Auger electrons, 228 
and Bohr energy expression for 
atomic electrons, 146 
and Compton scattering, 119 
and Klein-Nishina results, 126, 129 
Compton, 118 
angle of, 120 . 
angular distribution for, 125 
_ "outgoing energy of, 120 
energy bands in crystals, 137, 138, 
282-287 
energy loss by, 39-62 _ 
energy range in aluminum, 70 
energy spectrum in irradiated media, 
254—260 
" for ejected atomic electrons, 255- 
257 
forward and backward emission 
currents in, 259-260 
for nonuniform radiations, 258— 
260 
for source electrons, 255 
energy straggling for, 67, 72, 75 
hybridized orbitals of, 320-322 
orbital speed of, and incident 
particle speed, 30-31 


Index 


oscillations of, and Thomson 
scattering, 114-118 
pair formation with holes in crystals, 
291 
pair formation with positrons, 151- 
157 
path lengths of, 6 
percent depth-dose curves for, 
. 84 
' photoelectrons, 140 
quality factor for, 347 
ranges produced by photons, 269- 
270 
recombination with holes in erystals, 
297-298, 302-303 . 
secondary, 22, 40. See also 
Secondaries, electrons 
stopping power for, 41-44 
in water, 276 
tertiary fluence in neutron reactions, 
229 
transmission through absorber, 67 
Electronuclear reactions, 148 
Electrostatic units, 13 
Emulsions, silver bromide radiolysis 
in, 305-310 
Energy 
absorption per unit volume, 7 
average energy 
per ion pair, 28, 261-265 
of radiation beam, 9, 10 
average excitation energy | 
for atoms bound in molecules, 35 
for electrons and positrons, 42 
for heavy charged particles, 25, : 
31-32 
and unit density range, 71 
deposition in depth 
charged-particle, 65-87, 354— 
355 
photon and neutron, 223-250 
and fluence, 5. See also Fluence 
mass energy absorption coefficient 
for photon scattering, 130 


radiated in thick absorbers, 54—57 : 


N 
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residual, and variance in energy loss, 
3 
spectrum of. See Spectrum 
Energy loss. See also Collisional 
energy loss 
by electrons and positrons, 39-62 
and bremsstrahlung yields from 
thick absorbers, 54—57 
collisional, 39—45 
and positron annihilation, 60–61 
radiative, 45-51 
and stopping power, 52-54. 
by heavy charged particles, 15—36 
and stopping power, 23-27 
by ion pairs, 28 
Energy straggling 
of electrons, 67, 72, 75 
of heavy ions, 72—75 
Energy transfer, 1—2 
absorption reactions in, 223 
to charged particles, and absorbed 
fractions for organs, 240-241 
coefficients for, 94. See also Mass 
energy transfer эшш 
in collisions 
maximum, 24 
minimum, 25 
for indirectly ionizing ИЕ 89 
intermolecular, 333-334 
linear 
for electrons and positrons, 39- 
45 
for heavy charged particles, 27- 
29 
and relative biological 
effectiveness of radiation, 345- 
348 
in water, 348 
in neutron elastic scattering, 172 
restricted, expressions for, 29-32 
scattering reactions in, 223 
Equilibrium 
charged-particle, 104—107 
radiation, 102-104 
tissue mass, 244 
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Equivalent energy 
of heat, 13 
of inhomogeneous beam, 101 
Ethylene, ionization potential of, 2 
Excimers, formation in noble gases, 
265 
Excitation, 3 | 
average excitation energy | 
for atoms bound in molecules, 35 
for electrons and positrons, 42 
for heavy charged particles, 31— 
32 
and unit density range, 71 
in crystalline solids, 287-294 
energy loss in, for heavy charged 
particles, 28 | 
in gaseous systems, 253—278 
in luminescent crystals, 300-302 
photoexcitation, 135, 146 
vibrational, and dissociation, 13 
of water molecule, 335-336, 338 | 
Excitons, formation of, 291, 302 
-Exposure 
definition of, 6 
and dose relationships for photons, 
107-110 
Extinction coefficient, molar, 92-93 . 


for ferric sulfate and ferrous sulfate — 


solutions, 136-137 


t 


F 
Fermi energy, in crystalline solids, 287, 
288. | 
Film, photographic | 
development of, chemistry of, 308 
optical density of, 308—309 
Filtration 
and attenuation coefficient for 
beams, 100 
field-flattening, and isodose 
contours, 248 
and spectrum changes with depth, 
243 · 
Fission, neutron-induced, 211-217 
and radionuclide production, 248 


Index 


Fluence 
electromagnetic, 116 
energy, 5 | 
emission in thick or thin targets, 
54—55 
particle, 5 
ratio to kerma, in photon beam; 102 
Fluorescence, 13, 141, 299 
in liquid system, 334-335 
Form factor, coherent scattering, 117— 
118 
Fourier transforms 
and neutron absorption reactions, 
200-201 
properties of, 48-49 
Fragmentation reaction, nuclear, 211 
Franck-Condon principle, 301, 334 


^ Free radicals, in molecular solutions, ` 


4, 338—339 
Frenkel vacancy defect, in crystals, 289 
Fricke dosimeter, 137, 269 


G 
Gadolinium, radiative capture thermal 
neutron cross-section values 
| for, 206 
Gallium arsenide 
average energy per electron-hole 
pair, 297 = e 
charge conduction properties of, 295 
Gamma rays, 90 
emission in inelastic scattering, 207 
emission in photonuclear reaction, 
147-148 
quality factor for, 347 
and radiative neutron capture, 202- 
203 
specific energy distributions from, 
353 
transfer of neutron energy to, 223 
Gap width, of crystalline solids, 287 
Gaseous systems, 253—278 
and cavity-dose relationships, 269— 
273 


Index 


and ion chamber response, 273-276 
ion production in, 260—268 
and average energy per ion pair, 
261-265 | 
and charge related to density of 
gas, 265-266 
drift mobilities of ions in, 267—268 
and recombination of ion pairs, 
266-267 
radial distribution functions for, 317 
Geometry 
broad-beam, 96—97 
narrow-beam, 96 
Germanium, crystalline 
average energy per electron-hole 
pair, 297 
band gap energy for, 289 
charge conduction properties of, 295 
lattice constant for, 282 
Gold 
atomic-number-to-mass-number 
' ratio for, 34 
radiative capture thermal neutron 
| cross-section values for, 206 
Gray, 8, 349 | 
Grids, installation of, 97 


H 


Half-value thickness, 9, 95 
| for broad beams, 98 
and homogeneity coefficient, 100 
and indirectly ionizing radiations, 
92, 95 | 
and linear attenuation coefficient, 
95 
Heat, energy equivalent of, 13 
Heavy charged. particles 
Bragg curves for, 81-82 
charge affected by speed, 21 
elastic processes in, 15-16 
energy loss by, 15-36 
energy straggling of, 72-75 
inelastic processes in, 15-16 
path of, 28 
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Helium 
atomic-number-to-mass-number · 
ratio for, 34 
atomic structure of, 321 
excitation-to-ionization ratio for, 
265 
Hits by charged particles, 354—355 
Holes in crystals 
motion of, 288-289 
pair formation with electrons, 
291 
recombination with electrons, 297— 
298, 302-303 
Hybridized electron orbitals, 320— 
322 
Hydrogen 
atomic-number-to-mass-number 
ratio for, 34 
atomic structure of, 321 
average excitation energy for, 35 
bonding between water molecules, 
322 
cross section for neutrons incident 
on, 187-188 
ionization cross section by protons, 
22 | 
ionization potential of, 2 
neutron moderation by, 183 
radiative capture thermal neutron 
cross-section values for, 206- 
207 | 
Hydrogenous absorbers, kinetic energy 
in, 229 | | 


1 


Image formation, latent, in emulsions, 
305, 306-308 

Impulse, and collision time for heavy 
charged particles, 19 

Impurity atoms in crystals, 290, 301, 
303 

Incident particle electric field, Lorentz ` 
contraction of, 30, 44-45 

Incoherent scatter, 79 
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Indirectly ionizing radiation, 2, 89-111 
attenuation of beams in, 95—102. 
cross sections and coefficients for, 

91-95 


and exposure and dose relationships 


for photons, 107-110 
kerma and dose relationships in, · 
102-107 
and scatter buildup effects, 231—237 
Indium, radiative capture thermal 
neutron cross-section values 
for, 206 
Inelastic processes 
in interactions of fast charged 
particles, 15-16 
neutron зш 181, 189, 193, 
207 
photon como 113, 114, 118- 
124, 181 
Inhomogeneous beam, equivalent 
energy of, 101 
Insulators, excitations in, 287-294. 
International System of Units (51), 
4-5 
Iodide sodium, crystalline 
band gap energy for, 289 
lattice constant for, 282 
Iodine 
atomic-number-to-mass-number 
ratio for, 34 
photoelectric cross section for, 145, 
146 
Iodine-131, production by neutron 
absorption. reactions, 248 
Ion pairs, average energy in, 28, 261— 
265 
Ion production in gaseous —— 
260—268 
Ionization 
Bragg curves for, 81—83 
cross section for heavy particles, 16— 
23 
energy loss in, for heavy КЕШЕ, 
particles, 28 
in gaseous systems, 253-278 
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photoionization, 135-136, 140 
specific 
and Bragg curves, 82-83 
for electrons and positrons, 39 
and linear energy transfer for 
heavy charged particles, 27-28 
of water molecule, 335-336, 338 
Ionization chamber, 253-254, 269 
response when irradiated in water, 
273-276 
Ionization potentials, 2 
and average excitation energy, 265 
energy equivalent of, 261 
and average energy per ion pair, 
264—265 
Ionizing radiation, 2 
directly ionizing, 2 
indirectly ionizing, 89-111 
Iron | 
energy ranges for inelastic 
scattering, 209 
neutron moderation by, 183 | 
radiative capture thermal neutron 
cross-section values for, 206 
Isodose contours 
for electron beam in water, 84, 85 
photon and neutron, 246-248 


J 


Jump ratios, in atomic photoelectric 
cross section, 145 


K . 
Kerma, 8—9 
per fluence for photon and neutron 
sources, 218, 232 
primary, from photons or neutrons, 
226 
from radiation emitted in absorber, 
2260999. 
ratio to fluence in photon beam, 102 
relation to dose, 102-107 
and scatter buildup effects, 232-237 
from scattered radiation, 226 
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Kerma-to-dose conversion ratio, 106— 
107, 242-243 
in cavity, 271 
Klein-Nishina formulas for scattering, 
114, 123-127, 179 
electron binding affecting, 126, 129 


L 
Latent image formation in emulsions, 
305, 306—308 
Lattice constants for crystals, 281, 282 
Lattice oscillations, collective, in 
crystals, 291, 292-294 
Lead 
absorber for photons, mass 
attenuation coefficient for, 99 
atomic-number-to-mass-number 
ratio for, 34 
and buildup factors for photon 
beams, 234 
crystalline, lattice constant for, 282 
energy ranges for inelastic 
scattering, 209 | 
neutron moderation by, 183 
photoelectric cross section for, -145, 
146 
radiation length for, 54 
radiative capture thermal neutron 
cross-section values for, 206 
Lennard-Jones potential for liquids, 
316 
Lethargy intervals, in neutron 
spectrum plots, 183 
Lineal energy, from ionizing radiation, 
350 
Linear attenuation coefficient, 92- 
93 
Linear energy transfer. See Energy 
transfer, linear | 
Liquids. See Molecular solutions. 
Lithium | 
atomic structure of, 321 
energy ranges for inelastic 
scattering, 209 
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neutron moderation by, 183 
in neutron scintillation detectors, 
208 
Lithium fluoride 
atomic-number-to-mass-number 
ratio for, 34 
band gap energy for, 289 
lattice constant for, 282 
thermoluminescence of, 304—305 
Lithium iodide, band gap energy for, | 
289 
Lorentz contraction of electric field of 
incident particle, 30, 44—45 
Luminescence, 13 
impurity-activated, 301—304 
from inorganic solids, 299-305 
liquid-state, 332, 334—335 


M 


Mass attenuation coefficient, 93-94 
for neutron absorption reaction, 218 
for neutron elastic scattering, 188 
for photoabsorption, 157-160 

in cadmium sulfide, 138, 139 
for photon scattering, 130 

Mass energy transfer coefficient, 94 

for atomic photoelectric effect, 
160 | 

for neutron absorption reactions, 
218-219 

for neutron elastic scattering, 188—. 
189 Гу 

for pair production, 160 

for photon scattering, 129 

Mass stopping power, for heavy 

charged particles, 33-35 - 

Maxwellian distribution, in speed for 

neutrons, 167 
Mesons 
charged, 2 . 
properties of, 16 
uncharged, 2  — 
Metals, excitations in, 287-294 
Methane, ionization potential of, 2 
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Molar extinction coefficient, 92—93 
for ferric sulfate and ferrous sulfate 
solutions, 136-137 
Molecular lesions from radiation, 344, 
359—363 
Molecular solutions, 315-340 
Auger effect in, 336—337 
covalent bonding in, 326-327 
de-excitation processes in, 332—337 
dissociation processes in, 337—338 
energy levels of molecules in, 323- 
332 
rotational, 13, 324, 325-326 
translational, 324 | 
vibrational, 13, 324, 326-329 
energy transfer in, 333-334 
frequency of collisions in, 318—319 
internal conversion and intersystem 
crossing in, 335 
ionization and excitation in, 335- 
336, 338 
liquid-state forces in, 315-320 
. temperature affecting, 318 
luminescence in, 332, 334—335 
mean time between collisions in, 320 
radial distribution functions for, 
317-318 
radical yields in, 4, 338-339 
singlet state in, 331, 335 
superexcitations in, 336 
triplet state in, 332, 335 
and water structure, 320-323 
Moliére distribution, and multiple 
scattering, 81 
Möller cross section for energy, 40, 256 
Momentum 
and atomic R)israclectric effect, 142 
in neutron elastic scattering, 168— 
172 
in pair production reaction, 152 
photon, 133-135 
in photonuclear reaction, 148 
Monoenergetic radiations, 9 
Mossbauer effect, 114 
Multiple scattering, 76-81 
Muons, properties of, 16 


Index 


Muscle 
atomic-number-to-mass-number - 
ratio for, 34 
exposure-to-dose conversion factor 
for, 109 
kerma-to-fluence ratio for photon 
beam in, 102 


N 


Narrow-beam geometry, 96 
Neutrino, properties of, 90 
Neutron(s), 2. 
absorption reactions, 193—220 
attenuation coefficients for, 217- 
219 
and compound nucleus reaction, 
197-200 
cross sections for, resonances in, 
197-202 
Q equation for, 195 
Q values in, 194—197 
and radionuclide production, 248 
separation energy in, 198 
threshold value in, 194 
attenuation of, 92 
average energy per ion pair; 
_ produced in gas, 263, 264 
broad-beam transmission curves for, 
235-237 
central axis percent depth dose 
curves for, 243, 244 
cold, 166, 186—187 
distribution in speed, 167 
elastic scattering reactions, 165-190 
angular distributions in, 175-176 
attenuation coefficients for, 184— 
189 
in center of mass system, 168-169 
cross sections for, 172-181 
from crystals, 176 
and directions of fast-proton 
secondaries, 229 
energy and momentum in, 168- 
172 
energy transfer in, 172 


Index 


at high energy, 176 
_ for intermediate and slow 
neutrons, 172-175 
in laboratory system, 171 
at low energy, 177, 186 
phase shift affecting, 173-174 
potential scattering, 172, 186 
resonance scattering, 172, 186 
energy deposition in depth, 223-250 
energy ranges for, 166 | 
fission induced by, 211—217 
attractive and repulsive forces in, 
216 
barriers in, 216 
cross section for, 212, 214 
energy distribution in, 217 
energy release in, 213, 215 
. О values for, 213 | 
yield for nuclear fragments in, 
217, 218 


inelastic scattering, 181, 189, 193, _ 


207 | | 
threshold energies for, 208-209 
kerma-to-fluence ratio for, 103 
and kinetic energy released in 
absorbers, 228—229 
mass attenuation coefficient for, 98, 
99 
mean free path for, 95, 104—105 
moderation of, 181-184 
lethargy, steps in, 183 
particle emission reactions, 193-194, 
203, 207-211 
barriers in, 211, 212, 213 
properties of, 90 
quality factor for, 347 
radiative capture reactions, 193, ` 
202-207, 229. 
cross section for, 211 
ratio to protons, 34 
secondary radiations from, 225, 226 
specific energy distributions from, 
353 
thermal, 166 
in radiative capture reactions, 
203, 206-207. . 
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Neutron-particle reactions 
` cross-section for, resonances in, 
211 
endoergic, 208 
exoergic, 208 
Nitrogen 
atomic structure of, 321 
ejected electron energy for, 22, 23 
energy ranges for inelastic 
scattering, 209 
energy transfer from neutrons to 
absorber, 189 
ionization potential of, 2 
in soft tissue, 223 
Nonconductors, charge-carrier density 
for, 295 | 
Nuclear photodisintegration, 147 
Nuclear photoeffect, 147 
Nuclear reactions, compound nucleus 
theory of, 197—200 
Nuclear resonance scattering, 114 


О 


Ohm's law, 294 
Orbitals 
electron 
hybridized, 320-322 
speed of, and incident particle 
speed, 30-31 
molecular, 329-331 
Orthopositronium system, 61 
Oxygen | 
. atomic-number-to-mass-number 
ratio for, 34 
atomic structure of, 321 
average excitation energy for, 35 


"electron hybrid states in water, 


397 

energy ranges for inelastic 
scattering, 209 

energy transfer from neutrons to 
absorber, 189 

ionization potential of, 2 

neutron moderation by, 183 
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Р 


Pair production reaction, 151—157 
attenuation coefficients in, 160 
cross section for, 153-155 
energy spectrum of positrons from, 

154, 155 
mass energy transfer coefficient for, 
160 
near atomic electrons, 152, 155 
near nucleus, 152, 153-154 
and particle-antiparticle 
interactions, 156—157 
threshold energy for, 153 

Parapositronium system, 61 

Particle(s) 
definition of, 5 
emission reactions, neutron- 

· induced, 193-194, 203, 207-211 
fluence, 5 
Path | 
of ionization, 28-29 `, 
short track in, 29 _ 
mean free path 
and buildup factors for photon 
beams, 233, 234 
in indirectly ionizing radiations, 
92, 95 
for photons and neutrons, 95, 
. 104-105 

Path length | 
for charged particles, 65-67 
projected, and specific ionization, 83 
straggling, 72 

for electrons, 75 
for heavy ions, 74 

Penumbra, and isodose contours, 248 

Percent depth dose 
central axis, 243 
for indirectly ionizing radiation, 243 

Phonons, 294 
and average energy per electron-hole 

pair, 295-296 | 
release in crystals, 301 

Phosphor properties, 302 

Phosphorescence, 13, 141, 299 
in liquid system, 335 


Index 


Photoabsorption, 133-161 
and atomic photoelectric effect, 139— 
147 | = 
attenuation coefficients for, 138, 139, 
140, 157—160 
in intermediate-energy range, 140 
at low energies, 135—139 
in crystalline solids, 137-138 
in gaseous system, 135-136 
in liquid system, 136. 
mass attenuation coefficient for 
in aluminum, 138, 140 
in cadmium sulfide, 138, 139 
pair production in, 151—157 
and photoexcitation, 135 _ 
and photoionization, 135—136, 
140 
and photonuclear reactions, 147- 
151 
and surface photoelectric effect, 
138-139 
Photodisintegration, nuclear, 147 
Photoeffect, nuclear, 147 
Photoelectric coefficients, 110 
Photoelectric effect, 120, 133 
atomic, 139-147 
absorption edges in, 145, 147 
angular distribution for, 143 
attenuation coefficients for, 157- 
159 
cross section for, 142-146, 159 
jump ratios in, 145 > 
mass energy transfer coefficient 
for, 160 
surface, 138-139 
work functions for, 140 
Photoelectron, 140 
Photoexcitation, 135, 146 
Photoionization, 135-136, 140 
Photon(s), 3 
absorption reactions for, 133-161. 
See also Photoabsorption 
attenuation of, 92 | 
average energy per ion pair 
produced in gas, 263, 264 
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backscattered, 121—122 
bremsstrahlung energy of, 105, 107. 
See also Bremsstrahlung 

emission 
broad-beam transmission curves for, 
235-237 | 
buildup factors for, 233, 234 
central axis percent depth dose 
curves for, 243, 244 
during electron collisions with 
nucleus, 47, 51 
emission in thick absorbers, 54 
energy deposition in depth, 223-250 
energy ranges for, 113-114 
and energy straggling, 72 
exposure and dose relationships for, 
107-110 
kerma-to-fluence ratio for, 102, 103 
and kinetic energy released in - 
absorbers, 226-228 
. luminescent, escape from crystals, 
301 | 
mass attenuation coefficient for, 98, 
99 
mean free path for, 95, 104—105 
momentum of, 133—135 
and positron annihilation, 60-61. 
properties of, 90 
ranges of electrons produced by, 
269-270 
scattering reactions, 113-131 
attenuation coefficients for, 127- 
130, 158 
. elastic, 113, 114-118 
inelastic, 113, 114, 118-124, 181 
secondary radiations from, 225, 226 


423 
separation energy in, 148 
threshold energies for, 150 
Photoproton, 147 | 
Рїоп$ қ 
high-energy, percent depth dose for, 
84, 86 


properties of, 16, 90 
Plasmons, 292 
Plastic walls of ion chamber, as large 
cavity in water, 273-276 
Platinum, radiation length for, 54 
Poisson distribution, 356 
Polarization, medium, 44 


. Positron(s) 


annihilation of, 60-61 
energy loss by, 39-62 
in pair production reaction, 151—157 
quality factor for, 347 
stopping power for, 41-44 
Positronium system, 61 
Potential scattering of neutrons, 172, 
186 
Predissociation, in molecular 
solutions, 338 
Pre-ionization, in molecular solutions, 
336 


‘Protons, 2 


average energy per ion pair 
produced in gas, 263, 264 

energy loss by, 15-36 

energy range in air, 70 

path-length straggling for, 74 

percent depth-dose curves for, 84, 
85 

properties of, 16 

ratio to neutrons, 34 


secondary, from neutrons, 40, 193, 
229 қ 
and specific energy probability 
distributions, 353 


Photon-beam pulse, 14 
Photoneutron, 147; | 
Photonuclear reactions, 133, 147- 
Pe. | 
attenuation coefficients іп, 159- 
160 


cross section for, 149-151 
giant resonance in, 149, 151, 159 
and radionuclide production, 248 


Q ef! 
Quality factor, and radiation 
protection, 347 
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R : 
Rad, 8, 349 
Radiation 
action on living systems, 3-4, 11— 
13, 29, 344, 359-363. See also 
Radiation effects 
fundamental concepts of, 1-14 
ionizing, 2 
directly ionizing, 2 
indirectly ionizing, 2, 89-111 
lengths for various materials, 54 
multidirectional incidence of, 5 
nonionizing, 2 
quality of, 9—10 
quantities emitted by, 4—9 


Radiation effects, 3-4, 11-13, 29, 343—_ 


364 
absorbed dose and linear energy 
transfer in, 344—349 
direct action in, 355 > 
indirect action in, 355 
molecular lesions and cell survival 
in, 344, 359-363 
specific energy and lineal energy in, 
' 349-354 
survivai curves for cells in, 361, 
362 
target theory in, 354—359 
multiple hit, single target, 357 
single hit, multiple target, 358 
single hit, single target, 357 
Radiation equilibrium, 102-104 
Radiation protection, and quality 
factor, 347: · 
Radiative energy loss, 45—51. See also 
Bremsstrahlung emission 
Radiative neutron capture reactions, 
193, 202-207 
and radionuclide production, 248 
Radical yields, in molecular solutions, 
4, 338-339 
Radiolysis 
silver bromide, in emulsions, 305— 
310 
water, radicals produced in, 339 


Index 
Radionuclides 
absorbed fractions for organs, 237- | 
241 


. produced by neutron activation, 248 
Range 
for beams of charged particles, 65 
CSDA, 69—70 
projected, 66, 67 
unit density, 70-72 
of neutron energies, 166 
secondary-particle, for neutron and 
photon beams, 104—105 
Rayleigh scattering, 117 
Relative biological effectiveness, 344— 
348 : 
for cell cloning inhibition, 346 
and linear energy transfer, 345-348 - 
and logarithm of neutron dose, 362- 
363 
quality factor for, 347 
Relativistic effects 
for electrons and positrons, 40 | 
for heavy charged particles, 30, 40 
Rem, as dose equivalent unit, 347 
Residual energy, and variance in 
energy loss, 73 | 
Кеѕопапсе | | 
Breit-Wigner resonance line shape, 
151, 200-201 
in cross section for neutron-particle 
reactions, 211. | 
in neutron absorption cross sections, 
197—202 
scattering of neutrons, 172, 186 
Rhodium, radiative capture thermal 
neutron cross-section values 
for, 206 
Roentgen, 6 
Rotational energy, molecular, 13, 324, 
325-326 


S 


Samarium, radiative capture thermal 
neutron cross-section values 
for, 206 


Index 


Scattering reactions, 11-12 
backscattering. See Backscattering 
Bragg, 118 

and buildup effects, 231—237 

and tissue-air ratio, 245 
coherent, 117 
cross section for, 126 
from crystal planes, 118 
Compton, 113, 114, 118-122, 181 
effect of, 97 
and energy transfer, 223 
incoherent, 79 
cross section for, 126 
and isodose contours, 248 | 
Klein-Nishina formulas for, 114, 
123-127, 179 
multiple, 16, 67, 76-81 
and Bragg peak width, 83 
and electron percent depth dose, 
84 | 
and medium properties, 81 
and particle properties, 80 
neutron 
elastic, 165-190 
inelastic, 181, 189, 193, 207 
nuclear resonance, 114 
photon, 113-131 
attenuation coefficients for, 127- 
130, 158 
elastic, 113, 114-118 
inelastic, 113, 114, 118-124, 181 
Rayleigh, 117 
and self-absorption of radiation, 245 
single-scatter relationship, 78 
Thomson, 113, 114—118 
angular distribution for, 123 
Schottky vacancy defect in crystals, 
289 E : 
Schrödinger equation, for.electron in 
repetitive potential, 283 

Scintillators, liquids as, 335 

Secondaries 
charged particles from photon or 

neutron sources, 225-231 
buildup of, 106-107, 230-231 
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forward projection of, 227, 229- 
230 
in inelastic photon reactions, 113, 
133 
in crystals, 291, 307 
electrons, 22, 40 
and Auger effect, 22, 227 
degradation of, 89 
liberated by high-energy photon 
beams, 94 | 
linear energy transfer for, 348 
and specific energy probability 
distributions, 353 
in neutron absorption reactions, 193, 
207 
protons from neutrons, 40, 193, 229 
and specific energy probability 
distributions, 353 
Self-absorption 
of radiation in thick targets, 57 
of scattered radiation, 245 
Semiconductors, excitations in, 287— 
294 | 
Shell corrections 
for electrons, 45 
cross sections for, 40-41 
inner-shell, 41 
outer-shell, 41 
for heavy ions, 30-31 
Shielding barriers, and detector 
responses, 235 
Sievert, as dose equivalent unit, 347 
Silicon 
average energy per electron-hole 
pair, 297 
band gap energy for, 289 
charge conduction properties of, 295 
energy band structure for, 286, 287 
lattice constant for, 282 
Silver, work function for surface 
photoelectric effect, 140 
Silver bromide | 
average energy per electron-hole 
| pair, 297 | 
band gap energy for, 289 
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Silver bromide—continued 
lattice constant for, 282 
radiolysis in emulsions, 305—310 
Singlet state in molecules, 331, 335 
Sodium, radiative capture thermal 
neutron cross-section мам 
for, 206 
Solid states. See Crystalline solids 
Solutions. See Molecular solutions 
Spallation reaction, nuclear, 211—212 
Specific energy, from ionizing 
radiation, 349-354 
Spectrum, 9 
of bremsstrahlung energy, 47 
of electrons in irradiated media, 
254-260 | 
for thick or thin targets, 54 
Speed 
affecting charge for heavy particles, 
21 
in electron orbital, Ms incident 
particle speed, 30-31, 45 . 
neutron, distribution in, 167 
and stopping power for heavy 
charged particles, 26, 27 
Spherical targets, passage of charged 
` particles through, 350-353 
Stokes shift, and luminescent energy, 
301 
Stopping power 
Bragg's additivity rule for, 34, 58, 
94 
for collisional loss 
in cavity and in medium, 272 
“апа equilibrium degradation 
fluence of source electrons, 255 
for heavy charged particles, 23— 
27 
for electrons and positrons, 41—44 
in aluminum, 43-44 
and critical energy, 59 
radiative, 52—54 
ratio of restricted to total stopping 
power, 43 
systematics of, 57—59 
in water, 276 


Index 


for heavy charged particles, 23-27 
and average excitation energy, 
32 
and ion properties, 26 | 
and linear energy transfer, 27 
and medium properties, 27 
systematics of, 33-35 
ae path-length straggling for heavy 
ions, 74 


 Straggling 


and electron percent depth dose 
84 
energy, 67, 72—75 
for electrons, 67, 72, 75. 
for heavy ions, 72—75 
path-length, 72 
and Bragg peak width, 83 | 
for electrons, 75 
for heavy ions, 74 
Superexcitations, molecular, 336 


m 


Tantalum 
radiation length for, 54 
spectrum of photoneutrons from, 
149, 150 
Target theory of radiation effects, 354— 
359 
Technetium-99m, production by 
neutron absorption reactions, 
248 
Temperature 
and energy equivalent of heat, 
© 13 
and liquid-state ordering, 318 
and luminescence. See 
Luminescence 
Tertiary electron fluence, in neutron 
reactions, 229 
Thermal neutrons, 166 
in radiative capture reactions, 203, 
206—207 
Thermoluminescence, 299 
lithium fluoride, 304—305 


Index 


Thermoluminescent dosimeters, 
269 

Thomson scattering, 114-118 

angular distribution for, 123 

Threshold energies, for inelastic 
neutron scattering reactions, 
208—209 

Tissue absorbers, kinetic energy in, 

. 229 

Tissue-air ratio, 244—245 

Tissue-equivalent material, and 
average energy per ion pair 
produced in gas, 263, 264 


Tissue-maximum ratio, and depth-dose 


curves, 245-246 


Tissue-phantom ratio, and depth-dose 


curves, 245 
Translational energy, molecular, 324 
Transmission 


broad-beam curves for photons and 


neutrons, 235-237 
of electrons through absorber, 67 
Trapped charge carriers, and 
luminescence, 300 
Triplet production reaction, 152 
` Triplet state in molecules, 332, 
335 | 
Tritons, properties of, 16 
Tungsten | 
collisional energy loss in, 58 
radiation length for, 54 
radiative loss in, 58 
work function for surface 
photoelectric effect, 140 


U 
Unit cells for crystals; 281, 282 
Unit density ranges for protons and 
electrons, 70 
Uranium 
energy ranges for inelastic 
` scattering, 209 
neutron-induced fission of, 212- 
217 
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У 


Vacancy defects in crystals, 289— 
290 

Valence band of electrons, in 
crystalline solids, 137, 138, 287, 
288 

Van der Waals force, 315 

Vavilov distribution, and energy loss, 
75 

Vibrational energy, molecular, 13, 324, 
326—329 


W 


Water 
atomic-number-to-mass-number 
ratio for, 34 
and average energy per ion pair 
produced in gas, 264 
electrons in 
collisional power for, 58 
energy straggling for, 75 
isodose curve for, 84, 85 
mass stopping power for, 276 
path-length straggling for, 75 
radiative stopping power for, 
58 | 
ion chamber irradiated in, response 
of, 273-276 
ionization and excitation of, 335— 
336 
ionization potential of, 2 
linear energy transfer in, 348 
mean time between molecule 
| collisions in, 320 
photon beams in 
buildup factors for, 234 
kerma-to-fluence ratio for, 
102 
radiation length for, 54 
structure of, 320-323 
temperature affecting liquid-state 
ordering, 318 | 
thickness necessary for charged- 
particle buildup, 230 
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Waves 
electromagnetic, 114—118 
neutron, 166, 172 
three-dimensional crystal wave 
functions, 286-287 


X 


X ray(s), 90 
quality factor for, 347 
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X-ray machines 
aluminum filters in, 100- 
101 
critical energies of materials in 
targets, 59 


Z 
Zinc sulfide, band gap energy for, 
289 | 
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